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 Genetic dissection of jasmonate signaling pathway  
Jasmonates (JAs) regulate plant growth and development and are involved in plant 
responses to wounding, UV light, water deficiency, ozone, pathogen infection, and 
insect attack. The F-box protein gene COI1 from Arabidopsis plays a fundamental role 
in response to JA and is now known to associate with AtCUL1, AtRBX1, and the 
SKP1-like proteins ASK1 and ASK2 to assemble SCFCOI1, required for the JA 
response in Arabidopsis. 
 
In this study, an F-box protein gene was isolated from soybean and it shares significant 
homology with the Arabidopsis COI1 and similarly contains an F-box motif and 
leucine rich repeats (LRR). Therefore we designated this gene as GmCOI1 (Glycine 
max L. COI1). To test whether the sequence homology and structural similarity are 
indicative of functional conservation, GmCOI1 was expressed in the Arabidopsis coi1-
1 mutant. The transgenic coi1-1 plants with expression of the GmCOI1 gene were 
found to exhibit normal JA responses including JA-regulated plant defense and fertility. 
In addition, the chimerical proteins with swapped the F-box motif or the LRR domain 
between GmCOI1 and COI1 were shown to functionally complement the coi1-1 
mutation. Furthermore, GmCOI1 was found to assemble into the SCF complexes, 
similar to the formation of the Arabidopsis SCFCOI1. These data demonstrate that the 
soybean F-box protein gene GmCOI1 is able to mediate JA-regulated plant defense 
and fertility in Arabidopsis, which implies a generic JA pathway with conserved signal 
components in different plant species.  
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Molecular genetic studies in Arabidopsis and tomato have established that Arabidopsis 
mutants defective in JA biosynthesis or signaling are impaired in defense responses 
and are male sterile, whereas tomato mutants defective in JA biosynthesis or signaling 
are impaired in defenses but are male fertile. To test whether this discrepancy is due to 
species-specific differences, tomato LeCOI1 (Lycopersicon esculentum COI1) was 
expressed in the Arabidopsis coi1-1 mutant. Transient expression of LeCOI1 in coi1-1 
activated COI1-dependent expression of the JA-responsive reporter Thi2.1:GUS. 
Moreover, the transgenic coi1-1 plants with expression of the LeCOI1 gene were found 
to partially restore JA-regulated inhibition of root elongation, JA-induced expression 
of PDF1.2, Thi2.1, and AtVSP, and defense against the fungal pathogen Botrytis 
cinerea and the bacterial pathogen Erwinia carotovora SCG1. Significantly, transgenic 
expression of LeCOI1 in the Arabidopsis coi1-1 mutant completely restored male 
fertility. These results suggested that tomato LeCOI1 and Arabidopsis COI1 are 
functionally conserved, that the discrepancy of JA signaling pathway between tomato 
and Arabidopsis is due to species-specific differences, and that the reproduction 
process could be more conserved than defense responses in the plant kingdom. 
 
To study the functional conservation of other components from the SCFCOI1 complexes, 
two SKP1-like genes, OmSKP1 and LeSKP1, were isolated from wild rice (Oryza 
minuta) and tomato (Lycopersicon esculentum), respectively, and were demonstrated 
to partially complement ask1-1 mutants in male fertility. In addition, transgenic plants 
expressing OmSKP1 and LeSKP1 in an ask1-1 mutant background displayed partial 
resistance to the synthetic auxin 2,4-D. Moreover, LeSKP1 interacted with COI1 in a 
yeast two-hybrid system, while both anti-ASK1 and anti-ASK2 antibodies were 
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capable of recognizing SKP1-like proteins from tomato and rice. These data suggest 
that there are homologs of SKP1-like proteins in both monocotyledons (OmSKP1) and 
dicotyledons (LeSKP1) that appear to be functionally conserved in different plant 
species. The modification of SKP1-like proteins in planta and the evolution of ASK1 
and ASK2 are also discussed. 
 
For genetic dissection of the JA signaling pathway, Arabidopsis seeds which had been 
mutagenized by ethyl-methane sulfonate (EMS), fast neutrons, 60Co, T-DNA insertions 
(knocked-out and activation tagged) or transposon insertions were screened. Ten coi1 
(coronatine insensitive 1) alleles and one jar1 (jasmonate resistant 1) allele were 
identified. Significantly, four classes of novel mutants involved in JA responses were 
identified. The results showed that the mutant D1 defective in DFR (dihydroflavonol 
reductase), encoding an enzyme involved in the flavonoid biosynthesis pathway, is 
dependent on functional COI1, revealing a crosstalk between the JA signaling pathway 
and the flavonoid biosynthesis pathway. 
 
A separate genetic approach to dissect the JA signaling pathway has been used to 
screen coi1 suppressor mutants in Arabidopsis. As coi1 null mutants are male sterile, 
an allele coi1-2 that shows partial fertility yet shows reduction in expression of JA 
response genes including plant defensin 1.2 (PDF1.2), thionin 2.1 (Thi2.1), and 
vegetative storage protein (AtVSP) was selected for mutagenesis. Approximate 
150,000 coi1-2 seeds were mutagenized by EMS and the M2 seeds were screened for 
coi1-2 suppressor mutants. Four lines, J28, J43, J136, and J183, were isolated which 
are suggested to be coi1-2 suppressors. Preliminary genetic mapping results showed 
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that J43 was located in a ~240 Kb region on chromosome 5, while J136 and J183 were 
both mapped on chromosome 2. Further analysis of J183 revealed that this mutation 
restores the coi1-related phenotypes, including defects in JA sensitivity, senescence, 
and plant defense responses. A map-based approach identified J183, defective in 
lumazine synthase, a key component in the riboflavin pathway, suggesting that the 
riboflavin pathway is required for suppression of the COI1-mediated root growth, 
senescence, and plant defense. 
 
Part II 
Rice ESTs with disease-resistance gene- or defense-response gene-like 
sequences mapped to regions containing major resistance genes or QTLs 
Rice, a monocot model, is one of most important cereal crops. To better understand the 
defense mechanism in rice plants, the chromosomal locations of 109 expressed 
sequence tags (ESTs) in the rice genome were determined using a doubled haploid 
mapping population. These ESTs showed high similarity to disease resistance genes or 
to defense response genes. Nine of the ESTs were mapped to three regions that contain 
genetically defined resistance genes on chromosomes 6 and 11. Clustering of the ESTs 
in the rice genome was observed at several chromosomal regions. Some of the clusters 
are located in regions where quantitative trait loci (QTL) associated with partial 
resistance to rice blast, bacterial blight, and sheath blight occur. Three ESTs that were 
mapped to the regions containing blast resistance genes Pi2 and Pia were chosen for 
Northern analysis after inoculation of plants with the blast fungus. Two of the ESTs, 
encoding for a receptor-like kinase and a putative membrane channel protein, were 
mapped to the Pi2 locus. Both were induced by rice blast infection as early as four 
 13
hours after inoculation. Transcripts of another EST, encoding a homolog of a putative 
human tumor suppressor and occurring in the Pia region, were repressed after blast 
infection. These findings demonstrate that the candidate-gene approach is an efficient 
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1.1 Arabidopsis thaliana: a genetic model system 
Arabidopsis thaliana is a modest little flowering brassica, related to broccoli and 
cauliflower. The earliest laboratory investigation of Arabidopsis was described by 
Layback in 1943, revealing Arabidopsis with the short generation time, high fecundity, 
ease of crosses, and the possibility of mutagenesis. So he proposed adoption of 
Arabidopsis as a genetic model organism (Meyerowitz, 2001). The widespread 
adoption of Arabidopsis as a model plant occurred in the 1980s, probably based on 
three aspects. One was the demonstration that mutational analysis can be done to 
saturation in laboratory conditions (Somerville et al., 1979 and 1982). The other two 
aspects included that Arabidopsis has a very small genome (Leutwiler et al., 1984; 
Pruitt et al., 1986) and could be transformed with exogenous DNA (An et al., 1986; 
Lloyd et al., 1986). Longstanding questions in plant biology are able to be addressed 
by application of Arabidopsis genetics, including cell morphogenesis (Hulskamp et al., 
1998), root development (Wysocka-Diller et al., 1997), floral induction (Aukerman et 
al., 1996), flower and fruit development (Sessions et al., 1998; Ferrandiz et al., 1999), 
plant light perception (Khurana et al., 1998), plant disease resistance (McDowell et al., 
2000; Delaney, 2000), plant cold and freezing resistance (Thomashow, 1999), and 
plant hormone action (McCourt, 1999). The completion of DNA sequencing of the 
Arabidopsis genome indicated the commencement of a new era to study Arabidopsis 
genomics (The Arabidopsis Genome Initiative, 2000; Bennetzen, 2001). 
 
 23
The success of Arabidopsis as a model organism is mainly due to its amenability to 
forward genetic screens, by which genetic variation is artificially induced and 
mutagenized plants are screened for phenotypes of interest (Page et al., 2002). The 
chemical ethyl-methane sulphonate (EMS) is historically utilized for mutagenesis in 
Arabidopsis. Successful forward genetic screen depends on two major factors: first, the 
definition of a suitable genetic background; and second, an easy and tight procedure to 
identify the mutants of interest. Researchers have developed several forward genetic 
screen systems to characterize most aspects of the plant life cycle. For classical genetic 
screens, mutagenized seeds were usually screened on soil or could be screened on 
defined media to allow the recovery of mutants that were defective such as in 
phytohormone synthesis and perception (Maher et al., 1980; Koornneef et al., 1984; 
Bleecker et al., 1988). Mutants that are not easy to identify could be isolated by two-
step screens: the first screening for an easily scorable trait in the mutant candidates, 
and secondary for a phenotype that is characteristic of the mutants targeted (Moore et 
al., 1997; Bartee et al., 2001). 
 
Once a mutant phenotype is characterized, second-site mutations (modifiers), which 
either enhance (worsen) or suppress (alleviate) the primary phenotype allow further 
dissection of the pathway (Forsburg, 2001). Enhancer mutations aim to identify 
redundant genes which encode proteins with similar biochemical functions (Thomas, 
1993) or genes which possibly interact physically with a mutant gene product, whereas 
suppressor mutations might identify interacting proteins or alternative pathways 
activated by the second-site suppressor. Modifier screens are generally unbiased and 
useful for studying interactions between genes and identifying genes activated in a 
 24
parallel pathway. For example, genetic enhancers of the crabsclaw (crc) mutation 
display a successful modifier screen to better understand how polarity is established in 
Arabidopsis carpels (Eshed et al., 1999).  
 
Another type of forward genetic screen utilizes endogenous reporter genes from 
Arabidopsis. The Arabidopsis Wassilewskija (Ws) ecotype contains four 
phosphoribosyl anthranilate isomerase (PAI) genes. Only PAI1 and PAI2 encode 
functional proteins, and the functional singlet (PAI2) is silenced by methylation 
(Bender et al., 1995). In the pai/C25/Y mutant, PAI1 gene is made non-functional by a 
missense mutation.  Owing to its PAI deficiency, the pai/C25/Y mutant accumulates 
fluorescent intermediates which are easily detected under UV irradiation. After 
mutagenesis of the pai/C25/Y mutant, release of this methylation should lead to 
activation of PAI2 and to PAI enzyme activity, and suppress fluorescence and PAI-
deficient phenotypes for enabling identification of second-site mutations that relieve 
PAI silencing (Bartee et al., 2001a and 2001b). 
 
On the other hand, reporter genes from other organisms provide a very useful tool for 
forward genetic screen in Arabidopsis. Three kinds of reporter genes which encode 
firefly luciferase (LUC), β-glucuronidase (GUS) or green fluorescent protein (GFP) 
respectively can be fused to the promoter of a specifically regulated or inducible gene, 
allowing the engineering of a highly specific background to dissect virtually any 
process of interest. This has been successfully employed to look at genes that are not 
able to be detected by conventional phenotypic screens, such as identification of genes 
in the circadian system (Millar et al., 1995), the hormone signaling pathway (Meier et 
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al., 2001), and in plant responses to biotic (Bowling et al., 1994) and abiotic (Xiong et 
al., 2001) stresses. 
 
Furthermore, highly specific processes, such as gene silencing or the RNA decay 
pathway, can be investigated using specifically tailored genetic backgrounds for 
mutagenesis (Mittelsten-Scheid et al., 1998; Dalmay et al., 2000; Mourrain et al., 
2000). In addition, elusive gametophytic mutants have been successfully identified by 
utilization of insertional mutagenesis approaches (Moore et al., 1997; Howden et al., 
1998; Christensen et al., 1998; Bonhomme et al., 1998).  Natural allelic variation also 
provides a source of genetic variation-an alternative to induced mutants to study 
complex regulatory processes such as vernalization (Johanson et al., 2000). 
 
Recently researchers have developed great tools for doing reverse genetics, the genetic 
analysis that proceeds from genotype to phenotype using several gene manipulation 
techniques. Reverse genetics approaches serve as powerful tools to study genes of 
unknown function and complement the study of genes identified by forward genetic 
approaches. 
 
In summary, the model system Arabidopsis has the following characteristics: small 
size, short life cycle, prodigious seed production, diploid, enables ease of performing 
crosses, and has one of the smallest plant genomes (125Mb) (The Arabidopsis Genome 
Initiative, 2000), and allows efficient methods of transformation (Bechtold et al., 1993; 
Clough and Bent, 1998) and successful gene tagging using either T-DNA or maize 
transposons (Sundaresan et al., 1995). Forward genetic screens were proved to be a 
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very powerful means of characterizing most aspects of the plant life cycle. Many 
fundamental questions such as how plants grow, how plant cells function and 
communicate with their neighbors, how plants sense and respond to their environments, 
and how plants change over evolutionary time will be gradually solved in the future by 
application of the Arabidopsis system (Meyerowitz, 2001). 
 
1.2 Genetic dissection of plant hormone signaling transduction pathways 
Plant hormones are naturally occurring substances, effective in very small amounts, 
and act as signals to stimulate or inhibit growth or regulate some developmental 
program (Fosket, 1994). Auxin, ethylene (ET), gibberellins (GA), abscisic acid (ABA), 
and cytokinin (CK) denote the five main classes of plant hormones. Recently, 
brassinolide (BR) (Fujioka et al., 2003), JAs (Creelman et al., 1997a), salicylic acid 
(SA) (Durrant et al., 2004), systemin (Ryan et al., 1998), and oligosaccharins 
(Creelman et al., 1997b) are identified to be plant hormones and known to regulate 
growth and development. 
 
Transduction pathways are characterized by positive and negative acting elements, 
feedback mechanisms, signal integration and divergence, single and parallel pathways, 
key elements sharing and pathway redundancy (Xing et al., 2000). Mutational analysis 
using the genetic model system Arabidopsis thaliana has been instrumental in 
determining the individual components of specific hormone signal transduction 
pathways. Several receptors perceived in ET, BR or CK pathways have been identified 
by mutational analysis (Chang et al., 1993; He et al., 2000; Inoue et al., 2001). 
Furthermore, genetic strategies including epistasis and suppressor studies have been 
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utilized to dissect the plant hormone transduction pathway and explain how these 
genes and their products relate to one another. 
 
A suppressor mutation either partially or completely restores the phenotype to wild-
type, but does not substitute its own (McCourt, 1999). Two most useful compensating 
changes that result in suppression are intragenic and extragenic mutations in the 
hormone signaling pathway. Intragenic suppressors are often identified by selecting for 
loss of a dominant gain-of-function phenotype such as suppressing hormone 
insensitivity as demonstrated in etr1 (Hua et al., 1998). This strategy can be extremely 
useful when trying to generate alternative allelic states for a gene of interest. 
Extragenic suppressors or second-site revertants restore normal function to a pathway 
by changing another function in the pathway. These mutations often uncover genes in 
a transduction pathway by causing a shift in the signal flux and will be dominant 
suppressors of the original mutation, and may display new phenotypes when 
homozygous in a wild-type genetic background such as bri suppressor screen (Yin et 
al., 2002). 
 
Suppressors demonstrating new phenotypes on their own are not only useful for 
identifying new gene functions but also for identifying new mutants in previously 
characterized genes. Genes encoding components of a particular signaling pathway 
may have other functions that may be missed by direct screening, but can be identified 
genetically among suppressor mutations of signaling mutants. Extragenic suppressors 
that bypass all the phenotypes of an original mutation most probably identify genes 
that interact closely with the allele being suppressed. In the extreme case, allele-
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specific suppressor mutations indicate that the two gene products most likely interact 
biochemically. 
 
It should be noted that the use of classical genetic screens is a powerful approach in 
determining how genes specify the transduction of a hormone signal, this method can 
not identify genes which show genetic redundancy or study functions of genes when 
mutation causes a lethal phenotype. Under laboratory conditions an estimated two-
thirds of the genes have no phenotype in other model systems (Miklos and Rubin, 
1996). New strategies like activation-transferred DNA tagging mutants and screens 
involving reporter constructs have been successful in identification of novel genes or 
mutants involved in plant hormone signal transduction pathways. 
 
Kakimoto (1996) identified genes that confer CK-independent growth to calli by large-
scale transformations with a T-DNA plasmid containing multiple enhancers. One of 
these overexpressed genes, CKI1, shares sequence similarity to the two-component 
regulator family of proteins of which ETR1 is a member, and is suggested to be one of 
the CK receptors. 
 
Normally the molecular identification of genes induced by the application of a 
particular hormone was originally designed to identify genes that respond to the 
hormone via a signaling pathway. However, these same downstream targets of the 
hormone signaling pathway can also be exploited to identify mutations that affect 
transduction of the hormone signal. The system first requires the fusion of an easily 
assayed reporter gene to the cis-acting control elements of a hormone-regulated 
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promoter. Transgenic lines containing this construct are mutagenized and screened for 
second site mutations that alter expression of the reporter gene. Using this approach, 
mutants with altered responses to pathogenesis signaling, light signal transduction, low 
temperature, drought, salinity, ABA, and JA were identified (Bowling et al., 1994; 
Jackson et al., 1995; Ishitani et al., 1997; Hilpert et al., 2001). In addition, this 
screening approach has been shown to be extremely important in cases where a 
number of signaling pathways contribute to overall response such that mutations in any 
one of these only give subtle whole-plant phenotypes.  
 
The specificity of the reporter-gene screens has two advantages over traditional genetic 
screens. First, the specificity of the phenotype being sought allows easy identification 
of mutants with no a priori bias on what the plants should look like. Second, the effects 
of the second site mutations on expression of the reporter gene may be more easily 
quantified than by using a physiological assay.  
 
Furthermore, a combination of biochemistry and reverse genetics will be useful for 
identifying components of hormone signal transduction pathway. For examples, two 
hybrid-based studies using a phytohormone signaling component as baits represent a 
more direct approach to identifying interactive partners (Ulmasov et al., 1997), while 
reverse genetic approaches in Arabidopsis (Mckinney et al., 1995) represent a 
powerful approach to testing the in planta role of any interactive partners. 
 
The auxin and ET transduction pathways will be briefly described below. Auxin 
regulates many aspects of plant growth and development including cell elongation, cell 
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division, phototropism, inhibition of abscission zone formation, inhibition of lateral 
bud development, vascular tissue differentiation, maintenance of tissue polarity, and 
leaf blade expansion (Fosket, 1994). 
 
Molecular studies of auxin-regulated gene expression and the characterization of 
mutants deficient in auxin response have produced remarkably new results which bring 
the two sets of results together in an integrated pathway, as proven by Estelle and co-
workers (2001). Previous studies have implicated the ubiquitin-ligase complex SCFTIR1 
and the AUX/IAA proteins in auxin response (Rugger et al., 1998; del Pozo et al., 
1999). Dominant mutations in several AUX/IAA genes confer pleiotropic auxin-
related phenotypes, whereas recessive mutations affecting the function of SCFTIR1 
decrease auxin response. Gray et al (2001) found that SCFTIR1 is required for 
AUX/IAA degradation by demonstating that SCFTIR1 interacts with AXR2/IAA7 and 
AXR3/IAA17 through domain II of these proteins. Furthermore, they showed that 
auxin stimulates binding of SCFTIR1 to the AUX/IAA proteins, which eventually led to 
their degradation. Because domain II is conserved in nearly all AUX/IAA proteins in 
Arabidopsis, the authors proposed that auxin promotes the degradation of this large 
protein family of transcriptional regulators, leading to diverse downstream effects. 
Finally, a model was proposed for auxin response, where basal levels of AUX/IAA 
proteins would repress the auxin-response pathway. Auxin depresses the pathway by 
promoting AUX/IAA binding to SCFTIR1 and related SCF complexes, leading to their 
degradation. SCFTIR1 function requires AXR1-dependent RUB1 modification of the 
AtCUL1 subunit of the SCF. AUX/IAA proteolysis results in a transient depression of 
the pathway until new AUX/IAA proteins can be synthesized and restore repression 
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(Gray et al., 2001). Recently, the Arabidopsis F-box protein TIR1 has been 
demonstrated to be an auxin receptor (Dharmasiri et al., 2005; Kepinski et al., 2005), 
this founding will be beneficial for studying the F-box protein (E3 ligase)-mediated 
plant hormone signaling pathway. 
 
ET, the hydrocarbon gas, has long been known to regulate diverse aspects of plant 
growth and development, including fruit ripening, seed germination, leaf senescence, 
flower abscission, and responses to stress factors such as flooding, wounding or 
pathogen attack (Chang et al., 2001; Guo et al., 2004). Dissection of the ET-response 
pathway began with the isolation of ET-response mutants, using genetic screens that 
are based on the “triple response” of ET-treated seedlings (Bleecker et al., 1988; 
Guzman et al., 1990). In Arabidopsis, the triple response consists of shortening and 
thickening of the hypocotyl and root, exaggeration of the apical hook curvature, and 
proliferation of root hairs. 
 
ET is perceived by five receptors that have similarity to two-component signaling 
proteins. The hydrophobic amino-terminus of the receptors binds ET and the carboxyl-
terminal portion of the receptors has similarity to bacterial histidine protein kinases. 
Genetic data suggest a model in which ET binding inhibits receptor signaling. Chang 
(2001) described a schematic diagram of the ET signal transduction pathway in 
Arabidopsis. Five ET receptors (ETR1, ERS1, ETR2, EIN4, and ERS2) relay the ET 
signal to the CTR1 protein kinase, which is a negative regulator of ET responses. 
CTR1 is similar to the Raf family of MAPKKKs, and is therefore presumed to be the 
first component of a MAP kinase module. EIN2, which acts downstream of CTR1, has 
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an integral membrane domain similar to the Nramp family of metal-ion transporters. 
The specific membrane locations of the ET receptors and EIN2 are currently unknown. 
Downstream of EIN2, a novel transcription factor called EIN3 promotes transcription 
of ERF1, which encodes a member of the EREBP family of transcription factors. 
ERF1, in turn, binds to the GCC-box promoter element to activate transcription of 
specific ET response genes such as chitinase and defensin PDF1.2 (Solano et al., 1998; 
Lorenzo et al., 2003). 
  
1.3 The jasmonate pathway 
JAs are a relatively new class of plant hormone, which regulate many aspects of plant 
development and growth, including seed germination, fruit ripening, production of 
viable pollen, root growth, tendril coiling, leaf abscission and senescence, and are also 
involved in plant responses to wounding, UV light, water deficiency, ozone, pathogen 
infection, and insect attack (Creelman et al., 1995 and 1997; Conconi et al., 1996; Rao 
et al., 2000). 
 
Methyl jasmonate (MeJA) and its free-acid jasmonic acid (JA) (collectively referred to 
as JAs) are important cellular regulators which are widely distributed in the plant 
kingdom. Levels of endogenous JAs are highest in young tissues and increase after 
treatment of cell cultures with elicitors or after subjecting plants to wounding, UV light, 
water deficit, pathogens, and ozone (Creelman et al., 1995 and 1997; Conconi et al., 
1996; Rao et al., 2000). JA was first isolated from cultures of the fungus lasiodiplodia 
theobromae (Demole et al, 1962). Commercial interest in MeJA by the perfume 
industry has led to the study of its structure and synthesis (Hamberg et al, 1992). 
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The JA molecule contains two chiral centers located at C3 and C7 generating four 
possible stereoisomers, since either chiral center can have an R or S absolute 
configuration. Commercially available synthetic MeJA is composed of a 9:1 ratio ( −+ ) –
MeJA ( +− )-7-iso-MeJA. JAs are synthesized in plants via the octadecanoid pathway. 
Briefly, linolenic acid is oxygenated by lipoxyigenase (LOX), and then converted 
to12-oxo-phytodienoic acid (OPDA) by allene oxide synthase (AOS) and allene oxide 
cyclase (AOC). JA is synthesized from OPDA through reduction and three steps of β-
oxidation. JA itself can then be conjugated to amino acids, methylated to form the 
volatile derivative MeJA, metabolized to a second volatile (Z)-jasmone, or modified by 
hydroxylation and sulfonation (Gidda et al., 2003; Liechti et al., 2006; Figure 1). A 
positive feedback regulatory system was suggested for JA biosynthesis revealed by 
microarray analysis (Sasaki et al., 2001) and confirmed by JA induced transcription of 
DAD1, LOX2, AOS, OPR3, and JMT (Heitz et al., 1997; Laudert et al., 1998; Mussig et 
al., 2000; Ishiguro et al., 2001; Seo et al., 2001).  
 
The mutant defective anther dehiscence (dad1) was isolated from a transposon-tagged 
population on the basis of its male sterility which could be rescued by LA or JA 
application. DAD1 is a phospholipase A1 with an N-terminal chloroplast transit 
peptide and can accumulate in chloroplasts. Analysis of DAD1 promoter and ectopic 
expression of DAD1 showed that DAD1 is required for JA biosynthesis in stamen 




Figure 1. The JA biochemical pathway. The formation of JA is complex and requires 
the oxygenation of the unsaturated fatty acid linolenic acid (18:3) and the fatty acid 
(16:3), followed by the formation of unstable allene oxide intermediates, which 
undergo enzyme-directed cyclization to form the cyclopentenone 12-oxophytodienoic 
acid (OPDA, 18 carbons) and, by inference, its 16-carbon homolog dinor-oxo-
phytodienoic acid (dnOPDA). Allene oxide synthase (AOS) and allene oxide cyclase 
(AOC) catalyze these two reactions, committing 13-hydroperoxylinolenic acid to JA 
synthesis. The cyclopentenone ring in these molecules is then reduced to form 
cyclopentanones, which undergo beta-oxidation to form JA. JA itself can then be 
further modified to form various derivates (Liechti et al., 2006). 13-LOX (LOX2): 13-








lipase called phospholipase A has been implicated in wound- and systemin-induced JA 
formation in tomato (Narvaez Vasquez et al., 1999). However, a phospholipase D 
(PLD) was suggested for wound-induced JA formation in both Arabidopsis and tomato.  
 
Lipoxygenases (LOXs) catalyze the oxygenation of fatty acids to their hydroperoxy 
derivatives. Antisense suppression of an Arabidopsis stroma-localized plastid 13-
LOX2 also suppressed wound-induced JA formation (Bell et al., 1995), but did not 
affect male fertility. The transcript of LOX2 is accumulated in response to JA (Heitz et 
al., 1997; Hause et al., 1999). 
 
AOS catalyzes the dehydration of 13-hydroperoxy-octa-decatrienoic acid to an 
unstable epoxide, which is thought to be converted to OPDA by allene oxide cyclase. 
However, there is only a single gene for AOS in the Arabidopsis genome, AOS is 
suggested to function both in wound-induced JA formation and in development-
regulated JA formation required for stamen development. Kubigsteltig et al (1999) 
found that the transcription of AOS occurs within 2 h after tissues are wounded and 
that it occurs in anthers and pollen grains. The Arabidopsis AOS promoter is activated 
by a variety of signals including JA, wounding, OPDA, and SA, indicating that 
regulation of the expression of the AOS protein might have a major effect on JA 
signaling (Laudert et al., 1998). 
 
Arabidopsis OPDA reductase (OPR3) catalyses the reduction of OPDA to 3-oxo-2-
(2’(9Z)-pentenyl)-cyclopentane-1 octanic acid (OPC-8:0). The Arabidopsis mutants 
dde1 (for DELAYED DEHISCENCE 1) and opr3 (for oxo-phytodienoic acid reductase 
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3) define different mutant alleles of OPR3. These plants are deficient in biosynthesis of 
JA, and they accumulate OPDA when wounded (Sanders et al., 2000; Stintzi et al., 
2000). The opr3/dde1 mutants are male sterile and can be rescued by application of JA.  
Furthermore, opr3 has competent JA defense responses against insect pests, indicating 
that OPDA is a signaling molecule in its own right. Interestingly, OPR3 transcripts are 
induced by JA, revealing an opportunity for feedback regulation of gene expression 
(Mussig et al., 2000).  
 
The methylation of JA to MeJA is catalysed by an S-adenosyl-L-methionine:jasmonic 
acid carboxyl methyl-transferase (JMT) from Arabidopsis. The transcription of JMT is 
induced by wounding or treatment with MeJA. Transgenic Arabidopsis overexpressing 
JMT accumulates MeJA without altering the JA content, expresses the JA-responsive 
genes for VSP and PDF1.2 constitutively, and displays enhanced resistance to 
infection by Botrytis cinerea.  The volatile MeJA produced by JMT could mediate 
intracellular and intercellular signaling, and also function as an airborne signal 
mediating intra- and interplant communications in defense (Seo et al., 2001). 
 
Although membrane-spanning receptor molecules have been defined by mutants that 
are insensitive to other signal molecules (Li et al., 1997), no JA receptors have thus far 
been identified. Arabidopsis defense responses are induced by both OPDA and JA, 
whereas VSP transcription and stamen development are induced by JA but not by 
OPDA (Ishiguro et al., 2001; Stintzi et al., 2001). This suggests that in Arabidopsis, at 
least two pathways transduce secondary JA signals, one for recognition of either 
OPDA or JA for defense responses, and one for recognition of JA, but not OPDA, for 
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stamen development. Exhaustive mutant screens for insensitivity to coronatine (a 
structural analog of MeJA) and MeJA (Staswick et al., 1992; Feys et al., 1994), and a 
screen for mutants that do not express the pVSP-luc transgene in the presence of JA 
(Ellis et al., 2001), have identified alleles of only two genes COI1 (coronatine 
insensitive 1) and JAR1 (jasmonate resistant 1). So Turner suggested that either there 
is genetic redundancy in the types of JA receptor, or COI1 and JAR1 function in JA 
perception, even though COI1 is an F-box protein and JAR1 has similarity to the 
auxin-induced GH3 gene product from soybean (Turner et al., 2002; Xie et al., 1998; 
Staswick et al., 2002). The other possibility is that the mutants of JA receptor are lethal 
and cannot be isolated by genetic approach. 
 
The Arabidopsis mutants, jar1, coi1, jin1 (jasmonate-insensitive 1), and jin4 
(jasmonate-insensitive 4), were used to study the signal transduction pathway that 
modulates JA action (Staswick et al., 1992; Feys et al., 1994; Berger et al., 1996). The 
jar1, jin1, and jin4 mutants exhibit decreased sensitivity to JA, as assayed for the 
inhibition of root growth and for inducible expression of the Arabidopsis vegetative 
storage protein (AtVSP) in response to JA treatment. JIN1 encodes a MYC 
transcription factor functional in JA signaling and ABA signaling and essential to JA-
ET regulated defense responses (Abe et al., 2003; Anderson et al., 2004; Boter et al., 
2004; Lorenzo et al., 2004). The coi1-1 mutant is male sterile, insensitive to JA, and 
lacks the expression of JA-induced proteins, including AtVSP and the plant defense-
related proteins Thi2.1 and PDF1.2 (Feys et al., 1994; Benedetti et al., 1995; 
Penninckx et al., 1998; Xie et al., 1998). The COI1 gene was found to be required for 
all JA-regulated plant fertility and defense processes (Feys et al., 1994; Xie et al., 1998) 
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and is suggested to act upstream of JIN1 in the JA signal transduction chain (Berger et 
al., 1996; Rojo et al., 1998; Berger, 2001). 
 
The COI1 gene encodes a 66-kD protein containing an N-terminal F-box motif and a 
leucine-rich repeat domain (Xie et al., 1998), suggesting that post-translational 
regulation of JA responses in Arabidopsis could be mediated via an E3 ubiquitin ligase. 
F-box proteins occur in the eukaryote kingdom in organisms from yeast to man, and 
function as receptors that recruit regulatory proteins as substrates for ubiquitin-
mediated destruction (Bai et al., 1996). In Arabidopsis, nearly 700 genes are suggested 
to encode F-box proteins (Gagne et al., 2002), whereas only several F-box proteins 
such as UFO (Ingram et al., 1995; Wang et al., 2003), TIR1 (Rueggter et al., 1998), 
COI1 (Xie et al., 1998; Xu et al., 2002), AtSLY1/OsGID2 (McGinnis, 2003; Sasaki et 
al., 2003; Itoh et al., 2003), ZTL1 (Somers et al., 2000), FKF1 (Nelson et al., 2000), 
EID1 (Dieterle et al., 2001), ORE9/MAX2 (Stirnberg et al., 2002; Woo et al., 2001) 
have been functionally identified in flower development, auxin signaling, JA signaling, 
GA signaling, circadian clock, light signaling, and senescence, respectively.   
 
F-box proteins associate with Skp1 and Cdc53 (cullin) to assemble SCF ubiquitin-
ligase complexes (Skp1-Cdc53-F-box protein) (Hershko et al., 1998; Deshaies, 1999). 
In the ubiquitin-dependent proteolytic pathway, ubiquitin is linked to substrates 
through a well-organized process involving the sequential action of a ubiquitin-
activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase 
(E3). The ubiquitin-related proteins RUB/NEDD8 also are conjugated to target 
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proteins by a mechanism similar to the ubiquitin conjugation process involving the 
action of a RUB-activating enzyme and a RUB-conjugating enzyme. 
 
Recently researchers demonstrated that the Arabidopsis F-box protein COI1 associates 
with AtCUL1, AtRBX1, and the SKP1-like proteins ASK1 and ASK2 to assemble 
SCFCOI1 ubiquitin-ligase complexes in planta (Xu et al, 2002; Turner et al., 2002). 
COI1E22A, a single amino acid substitution in the F-box motif of COI1, abrogates the 
formation of SCFCOI1 complexes and causes defects in JA response. Double-stranded 
AtRBX1 RNA-mediated genetic interference reduces AtRbx1 expression and affects 
the inducible accumulation of JA-inducible gene expression. Furthermore, the AtCUL1 
component of SCFCOI1 complexes was modified in planta. Mutations in AXR1 decrease 
the abundance of the modified AtCUL1 of SCFCOI1 and lead to a reduction in JA 
response. The axr1 and coi1 mutations display a synergistic interaction in double 
mutants. These results indicate the SCFCOI1 complexes are required for JA responses in 
Arabidopsis and that the AXR1-dependent modification of AtCUL1 is important for 
JA signaling. The challenge in the future is to identify the substrates of the SCFCOI1 
complexes for dissection of JA signal transduction. 
 
Some advances were achieved on the transcriptional regulation of the JA responses. 
Several cis-elements responsible for gene activation, including a G-box sequence 
(CACGTG), have been identified in the promoter regions of JA-responsive genes 
(Wasternack et al., 2002). For example, a JA- and elicitor-responsive element (JERE) 
was identified in the promoter of the strictosidine synthase gene Str, which is a 
secondary metabolite biosynthetic gene of Catharanthus roseus (Menke et al., 1999). 
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Significantly, two octadecanoid-responsive Catharanthus AP2-domain proteins 
(ORCAs), ORCA2 and ORCA3, were found to mediate JA-responsive gene expression 
via interaction with the JERE (Menke et al., 1999; van der Fits et al., 2000). 
Furthermore, the expression of the ORCA3 gene was induced by MeJA with similar 
kinetics as ORCA2 expression (van der Fits et al., 2001). The ORCAs belong to the 
AP2/ERF-domain family of transcription factors. This family of transcription factors 
have been suggested to respond to many plant responses induced by ET (EREBF/ERF), 
cold stress (CBF/DREB1), and drought stress (DREB2) (Memelink et al., 2001). 
Interestingly, transcription of ORCA3 mRNA is not inhibited by the protein synthesis 
inhibitor cycloheximide, indicating that MeJA does not induce TIA gene expression 
simply by increasing ORCA protein abundance via a transcriptional cascade including 
ORCA or by ORCA auto-regulation, but instead appears to activate pre-existing 
ORCA protein (Vom Endt et al., 2002). 
 
JAs act synergistically or antagonistically with other phytohormones, such as SA, ET, 
auxin, and ABA (Lorenzo et al., 2005; Figure 2). SA normally interferes with JA 
signaling.  Overexpression of PAL (phenylalanine ammonia lyase) in tobacco enhances 
systemic acquired resistance (SAR) but reduces resistance to the insect pest, indicating 
an inverse relationship between SA-dependent resistance to pathogens and JA-
dependent resistance to insect herbivores (Felton et al., 1999). In Arabidopsis, the 
enhanced disease susceptibility 4 (eds4) mutation causes enhanced susceptibility to 
infection by the bacterial pathogen Pseudomonas syringae pv maculicola and reduces 
accumulation of SA after infection. The eds4 mutation also causes heightened 


















Figure 2. Cross-talks among the JA, ET, SA, and ABA signaling pathways. Different types of biotic 
or abiotic stress, such as pathogen infection or wounding, induce the synthesis and subsequent activation 
of several hormonal pathways (i.e. JA, ET, SA, and ABA). JA and JA-isoleucine (JA-Ile) (which is 
synthesized by JAR1) activates, via SCFCOI1, the expression of AtMYC2, which upregulates wound-
response genes (i.e. VSP, Lox, and Thi2.1) and represses pathogen-response genes (i.e. PDF1.2, b-CHI, 
and HEL). The cooperation of the ET and JA signals through the transcriptional induction of ERF1 has 
the opposite effect, activating the expression of pathogen-response genes and repressing wounding-
response genes. ABA has a negative effect on the transcriptional activation of JA/ET-regulated defense 
genes. In the response to wounding, ABA’s activity seems to precede JA synthesis. SCFCOI1 is a central 
regulator of all JA-dependent responses, the activity of which is presumably modulated by several 
ubiquitin-proteasome pathway genes (e.g. AXR1, SGT1b, and CSN) that are also involved in the 
modulation of other SCF complexes. The negative interactions of the JA and SA pathways are 
exemplified by the negative effect on JA signaling of NPR1 and WRKY70, which are positive 
regulators of SA-dependent responses. MPK4 has the opposite role, negatively influencing SA 
biosynthesis but positively regulating JA signaling. COI1-dependent and AtMYC2-dependent PR1 
repression represent two other examples of the antagonism between these signaling pathways. In 
summary, this complex network of interactions allows the plant to select the correct set of genes in 
response to each particular stress. Arrows indicate induction or positive interactions, whereas dashed 
lines indicate repression or negative interaction. Thicker arrows represent the main JA pathway 
(Lorenzo et al., 2005). 
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JA and MeJA accumulate in wounded tobacco plants, but do not accumulate in 
wounded transgenic plants, where expression of WIPK (a wound-induced-mitogen-
activated kinase) is genetically suppressed, indicating that the expression of WIPK is 
required for wound-induced JA biosynthesis (Seo et al., 1995). However, the wounded 
transgenic plants accumulated SA and transcripts of the gene pathogenesis related 
protein 1 (PR1), displaying that the suppression of the JA pathway permits wound 
induction of the SA pathway. Interestingly, transgenic tobacco plants overexpressing 
WIPK accumulate JA and proteinase inhibitor 2 (PIN2) transcripts (Seo et al., 1999). 
These data indicate that the wound-induced transcription of WIPK and activation of the 
protein product activates JA biosynthesis and suppresses SA-dependent signaling.  
 
Recently, Arabidopsis MAP kinase 4 (MPK4) was found to be a positive regulator of 
JA-inducible gene expression (Petersen et al., 2000). MPK4 is activated 2 to 5 minutes 
after wounding (Ichimura et al., 2000). The mutant mpk4 is dwarfed, has elevated 
levels of SA, and has constitutive expression of SAR and the defense-related gene PR1. 
On the contrary, dwarfing is reduced and PR1 is not expressed in mpk4 plants 
containing the nahG transgene encoding a salicylic acid hydroxylase, which reduces 
SA level. These results indicate that MPK4 is a negative regulator of systemic acquired 
resistance. Interestingly, these transgenic plants also fail to express the JA-regulated 
genes plant defensin 1.2 (PDF1.2) and thionin 2.1 (Thi2.1) after treatment with JA. 
These data indicate that the MPK4 cascade may simultaneously suppress SA 
biosynthesis and promote JA perception/response required for induction of PDF1.2 
and Thi2.1. Whether MPK4 is activated by JA needs clarification in the future. On 
other hand, NPR1, a positive regulator of SA-dependent responses, displays a negative 
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effect on JA signaling (Dong, 2004; Spoel et al., 2003); WRKY70 expression is 
positively regulated by SA and negatively regulated by JA (Li et al., 2004). 
 
In response to different pathogens, JA and ET cooperate to synergistically induce 
expression of defense genes such as PR1b, PR5 (osmotin), and PDF1.2 (Xu et al., 
1994; Penninckx et al., 1998). However, the molecular mechanisms that underlie this 
cross-talk are poorly understood. Recently, ET response factor 1 (ERF1), a 
transcription factor was shown to integrate signals from ET and JA pathways in plant 
defense (Lorenzo et al., 2003). The expression of ERF1 can be activated rapidly by 
either ET or JA and can also be activated synergistically by both hormones. Mutations 
at EIN2 or COI1 prevent the upregulation of ERF1 or the ERF1 target b-CHI by ET or 
JA and their synergy, and 35S:ERF1 expression can rescue the defense response 
defects of coi1 and ein2 (ethylene insensitive 2). Moreover, transcriptiome analysis in 
Col;35S:ERF1 transgenic plants and ET/JA-treated wild-type plants  supports that 
ERF1 regulates in vivo the expression of a large number of genes responsive to both 
ET and JA. These results suggest that ERF1 acts downstream of the interaction 
between ET and JA pathways and suggest that this transcription factor is a key element 
in the integration of both signals for the regulation of defense response genes. 
 
Another transcription factor, AtMYC/JIN1 has been shown to participate in the 
crosstalk between JA and ET. JIN1 differentially regulates two branches in the JA-
signaling pathway, namely negatively regulating the expression of pathogen defense 
genes and positively induced the expression of wounding response genes, and these 
two branches are also differentially regulated by ERF1 in an opposite way (Anderson 
 44
et al., 2004; Lorenzo et al., 2004; Nickstadt et al., 2004). In addition, the 
AtMYC2/JIN1 is conserved in tomato and Arabidopsis (Boter et al., 2004). 
 
The cev1 mutant has been used to investigate interaction between the JA, ET, and SA 
signal pathways (Ellis et al., 2001; Ellis et al., 2002; Turner et al., 2002). The 
Arabidopsis mutant cev1 constitutively produces JAs and ET, and exhibits enhanced 
resistance to pathogens. The CEV1 gene encodes a cellulose synthetase CESA3. The 
inhibition of cell-wall synthesis in the cev1 mutation activates JA- and ET-dependent 
stress responses such as PDF1.2, Thi2.1, and the chitinase CHI. Treatment of cev1 
with SA suppresses expression of PDF1.2 and enhances expression of PR1, though 
less so than in wild type plants. coi1 mutants, which are deficient in JA 
perception/response, have slight but significant PR1 expression, indicating that a 
COI1-dependent signal normally suppresses PR1 in untreated plants. The cev1 mutant 
phenotype is partially suppressed in the coi1 and etr1 mutant backgrounds, and the 
triple mutant, cev1;coi1;etr1 is similar to the wild type except for slightly shorter roots, 
indicating that cev1 induces biosynthesis of JA and ET. The double mutant cev1;coi1 
expresses neither PDF1.2 nor Thi2.1, whereas  the double mutant cev1;etr1 does not 
express PDF1.2 but constitutively expresses Thi2.1, indicating that ET signaling 
suppresses the transcription of Thi2.1.  
 
A molecular link between auxin and JA comes from an Arabidopsis mutant defective 
in JA response which is allelic to the auxin signaling mutant axr1 (Tiryaki et al., 2002). 
The allele, axr1-24, causes reduced sensitivity not only to MeJA and indole acetic acid 
(IAA) but also to an ET precursor, a CK analogue, a BR, and ABA. The AXR1 gene 
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encodes an enzyme required for the covalent modification of AtCUL1 with the RUB1 
ubiquitin-like protein (Leyser et al., 1993; del Pozo et al., 1999). Another example of a 
molecular link between auxin and JA is the Arabidopsis gene SGT1b. SGT1b has been 
identified as a factor involved in plant disease resistance signaling, and SGT1 from 
barley and tobacco extracts has been shown to interact with SCF ubiquitin ligases 
(Austin et al., 2002; Azevedo et al., 2002; Tor et al., 2002). eta3 mutant has been 
obtained by genetic screen for enhancers of the auxin response defect conferred by the 
tir1-1 mutation. The eta3 mutation interacts synergistically with tir1-1 to strongly 
enhance all aspects of the tir1 mutant phenotype, including auxin inhibition of root 
growth, lateral root development, hypocotyl elongation at high temperature, and apical 
dominance. ETA3 has been identified to encode SGT1b using a map-based cloning 
strategy. Functional analysis shows that ETA3/SGT1b is required for the SCFTIR1-
mediated degradation of AUX/IAA proteins. Furthermore, the eta3 mutation confers 
reduced JA sensitivity (Gray et al., 2003).   
 
The crosstalk between JA and ABA comes from the observations on seed germination 
and plant defences against pathogens and wounding (Wilen et al., 1991; Staswick et al., 
1992; Ellis et al., 2002). Two JA-insensitive mutants, coi1-16 and jar1, are 
hypersensitive to ABA during seed germination, indicating JA antagonizes ABA-
mediated inhibition of germination (Staswick et al., 1992; Ellis et al., 2002a). 
Interestingly, ABA antagonizes JA in modulating pathogen defense responses, whereas 
ABA activates JA in responses to wounding. AtMYC2/JIN1 might be a key regulator 
of these interactions between ABA and JA (Abe et al., 1997 and 2003; Anderson et al., 
2004; Lorenzo et al., 2004). 
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Recent studies have shown that ubiquitin-mediated proteolysis is common to many 
plant signaling pathways, including those responsive to light, sucrose, pathogens, and 
hormones such as JA, auxin, GA, and ABA (Azevedo et al., 2002; Ellis et al., 2002; 
Hellmann et al., 2002; Itoh et al., 2003; Lopez-Molina et al., 2003).  A key complex 
that links these features is the COP9 signalosome. The COP9 signalosome (CSN) has 
been shown to interact physically with SCFCOI1 and modulate JA responses (Feng et al., 
2003).  CSN reduction-of-function plants exhibit a JA-insensitive root elongation 
phenotype and an absence of JA-induced specific gene expression. Genome expression 
profile analysis indicates that JA-triggered genome expression is critically dependent 
on COI1 dosage. More importantly, most of the COI1-dependent JA-responsive genes 
also required CSN function, and CSN abundance was shown to be important for JA 
responses. Furthermore, the authors showed that both COI1 and CSN are essential for 
modulating the expression of genes in most cellular pathways responsive to JA. Thus, 
CSN and SCFCOI1 work together to control genome expression and promote JA 
responses. CSN has also been shown to associate with multiple SCF-type E3 ubiquitin 
ligases in vivo (Lyapina et al., 2001; Schwechheimer et al., 2001; Zhou et al., 2001; 
Wang et al., 2003). 
 
Novel mutants will be very important for genetic dissection of JA pathway in future. In 
one ingenious genetic screen, Arabidopsis seeds carrying a transgene, consisting of the 
bar gene for resistance to the herbicide BASTA fused to the JA-responsive promoter 
of the Thi2.1 gene, were mutagenized, and BASTA-resistant seedlings were isolated. 
The herbicide-resistant mutants, named constitutive expression of thionin 2.1 (cet), 
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defined five complementation groups with different phenotypes, including enhanced 
JA and OPDA level, constitutive activation of JA responses, constitutive activation of 
SA and JA responses, and spontaneous necrosis (Hilpert et al., 2001). 
 
Previous studies demonstrate that COI1 is the key component of the JA signaling 
pathway, and the SCFCOI1 complexes have been implicated in mediating jasmonate-
regulated responses (Feys et al., 1994; Xie et al., 1998; Xu et al., 2002). Towards 
dissect the JA pathway and further investigate the molecular mechanism of JA action, 
two COI1 orthologs were isolated respective from soybean and tomato, and their 
functions were studied in the coi1-1 mutant background (Chapter 3 and Chapter 4). In 
addition, two SKP1-like genes, the orthologs of one component from the SCFCOI1 
complex, were identified in the wild rice and tomato, respectively, and their ectopic 
expression was investigated in the ask1-1 mutant background (Chapter 5). Moreover, 
genetic approaches were used for screening novel mutants involved in the JA signaling 
pathway (Chapter 6). The contents of Chapter 3-6 are designed as Part I. It is expected 
that isolation of orthologous genes of COI1 and ASK1 from crops and ectopic 
expression of these orthologous genes in Arabidopsis should provide a way to study 
the evolution and utilization of JA pathway in the plant kingdom, and the availability 
of novel mutants would provide the checkpoints to dissect the JA signaling pathway in 
the future. The Chapter 7, a genetic mapping strategy for mapping rice ETSs with 
disease-resistance gene or defense-response gene-like sequences in the rice genome, is 
designed as Part II. It is expected that the mapping information should be beneficial to 
isolate disease-resistance gene or defense-response gene and useful for engineering 
rice disease resistance.  
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Chapter 2 
Materials and methods 
 
2.1 Plant materials and growth conditions 
Seeds from Arabidopsis thaliana wild type and mutants were sterilized with 20% (v/v) 
bleach and 0.01% (v/v) Triton X-100 for 30 min with gentle agitation at room 
temperature. After washing with sterile water five times, the seeds were plated on MS 
medium (Murashige and Skoog salts, 0.8% w/v agar, and 2% w/v sucrose). Plated 
seeds were vernalized in darkness for at least three days at 4ºC to improve seed 
germination and then transferred to a green house at 22ºC with a light intensity of 45 
µEm-2s-1 provided by fluorescent lighting with a 16 h light/8 h dark photoperiod. After 
2-3 weeks, seedlings were potted in soil for maturation.  
 
Other plant materials included cultivated rice Nipponbare (Oryza sativa L.), wild rice 
(Oryza minuta), tomato (Lycopersicon esculentum), and soybean (Glycine max L.). 
They were respectively grown in greenhouses under their respective favorable growth 
conditions: tomato (200 µEm-2s-1, 16 h light/8 h dark, 25ºC), soybean (350 µEm-2s-1, 
14 h light [30ºC]/10 h dark [20ºC]), and rice (100 µEm-2s-1, 12 h light [29ºC]/12 h dark 
[21ºC]).  
 
2.2 Plasmid DNA isolation 
Plasmid DNA was isolated using Wizard Plus SV Minipreps DNA Purification System 
(Promega, USA) according to the manufacturer’s recommendations.  
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2.3 Cloning of PCR-amplified products 
To perform PCR, cloned Pfu DNA polymerase 10 × Reaction Buffer (200 mM Tris-
HCl [pH 8.0], 100 mM KCl, 100 mM (NH4)2SO4, 20 mM MgSO4, 1% Triton- X 100 , 
1 mg/ml nuclease-free bovine serum albumin [BSA] ) was provided. The reaction mix 
contained 1 х PCR buffer, 0.2 mM dNTP mix, 0.5 µM upstream and downstream 
primers, about 0.1µg DNA template and 1.5 U PfuTurbo DNA polymerase (Stratagene, 
Cat # 600250). PCR was carried out at 95ºC for 2 min, followed by 30 cycles of 
denaturation at 94ºC for 30 s, annealing at 55ºC for 30 s and extension at 72ºC for 2 
min/ per Kb, and a final extension at 72ºC for 5 min. PCR products were separated on 
a 1% agarose gel by electrophoresis. The DNA fragment of expected size was excised 
from the agarose gel and eluted using the GFX PCR DNA and Gel Band Purification 
Kit (Amersham Biosciences).  
 
To clone the purified PCR amplified DNA fragment into the vector, 20 ng DNA was 
ligated to 50 ng vector in the reaction mix containing 1 × T4 DNA Ligase Buffer and 1 
U T4 DNA ligase. The ligation mixture was incubated overnight at 16ºC. The 
recombinant plasmid was then transformed into competent Escherichia coli (E. coli) 
DH5-α.     
 
2.4 Bacterial transformation 
Prior to cell transformation, competent cells of E. coli DH5-α were prepared. A 500 µl 
of overnight-grown bacterial culture was transferred to 250 ml of LB medium (Bacto-
tryptone 10 g/L, Bacto-yeast extract 5 g/L, NaCl 10 g/L, pH 7.0) and grown for 5-6 h 
with shaking at 37ºC until OD600 of 0.5. The bacterial culture was kept on ice for 5 min, 
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then spun down by centrifuging at 3, 500 rpm for 10 min at 4ºC. The bacterial pellet 
was resuspended in 25 ml ice-cold 0.1 M CaCl2, centrifuged as previously described, 
and the pellet was resuspended in 5 ml of 0.1 M CaCl2 and transferred to sterile 
microfuge tubes with 100 µl of each suspension of competent cells/per tube. These 
tubes were quickly treated by liquid N2 and stored at -80ºC. 
 
Transformation was carried out by mixing the recombinant plasmid with 100 µl 
competent cells in a 15-ml polystyrene tube. Upon incubation on ice for 30 min, the 
cells were heat-shocked for 90 s at 42ºC, placed on ice for 5 min, and 1 ml of LB broth 
was added. The culture was incubated at 37ºC for 45 min with shaking, and plated on 
LB agar medium supplemented with appropriate antibiotics. Plates were incubated 
overnight at 37ºC and the colonies were selected for PCR assay. 
 
2.5 DNA sequencing and analysis 
The nucleotide sequence of cDNA and recombinant plasmids was determined using 
the ABI pRISM Big Dye and dRhodamine Terminator Cycle Sequencing Ready 
Reaction Kit (Applied Biosystem, Perkin-Elmer, USA). Prior to sequencing, the 
reaction was prepared by mixing 200-400 ng of double-stranded DNA with 3.2 pmol 
of appropriate primers and 8 µl terminator Ready Reaction Mix, the final volume was 
adjusted to 20 µl with deionised water. This was followed by cycle sequencing, which 
was performed by denaturation at 96ºC for 10 s, annealing for at 50ºC 5 s, and 
extension at 60ºC for 4 min. The reaction was repeated for 25 cycles and held at 4 ºC. 
The amplified products were precipitated for 15 min in 160 µl 100% ethanol and 20 µl 
3 M sodium acetate (pH 4.6) at room temperature. The mixture was centrifuged for 30 
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min at 14, 000 rpm and the pellet was washed with 250 µl 75% ethanol, air dried, and 
dissolved in 4 µl loading buffer consisting of formamide, 25 mM EDTA (pH 8.0), and 
50 mg/ml blue dextran. The DNA sample was heat-denatured for 2 min at 95ºC and 
placed on ice before loading. Sequencing was performed using the ABI PRISMTM 
DNA 377 DNA sequencer (Applied Biosystem). The identity of the cDNA was 
determined by BLAST nucleotide homology search on the National Centre for 
Biotechnology Information (NCBI) website (www.ncbi.nlm.nih.gov). 
 
2.6 Titering of the cDNA library 
Prior to library screening, the titer of the cDNA library (Stratagene, Cat # 600153) was 
determined. This was achieved by suspending overnight-grown XL1-Blue in 10 mM 
MgSO4. The cells were pelleted and resuspended in 10 mM MgSO4 to an OD600 of 0.5. 
The competent cells were transformed by mixing 200 µl XL1-Blue cells with 1 µl of 
each of the dilutions (1: 104, 1:105, 1:106 or 1:107 times) of the library. The mixture 
was incubated at 37ºC for 15 min with shaking to allow efficient transformation, after 
which 3 ml of pre-warmed (50ºC) LB top agarose was added to the tube and plated 
onto the LB agar medium. The culture was incubated for 6-8 h at 37ºC until the 
plaques appeared. The titer of the cDNA library was calculated based on the following 
formula: No. of plaques × dilution factor × volumes of stock. 
 
2.7 Library screening 
A total of 5 × 105 recombinant plaques per plate (150 × 15 mm) were screened for full-
length cDNAs. Membrane lifting was performed by placing a nylon membrane 
(Boehringer Mannheim, GmbH, Germany) onto the surface of the plate for 1 min and 
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the orientation was marked with Indian ink by a syringe. A replicate membrane that 
was placed on the same plate for 5 min was also performed. Both membranes were 
placed onto a layer of Whatman paper (Whatman International, Maidstone, England) 
soaked with denaturation solution for 5 min, followed by 15 min in neutralization 
solution and 10 min in 2 × SSC (standard saline citrate). After blotting dry, the 
membranes were crosslinked and treated with proteinase K to remove cell debris 
before pre-hybridized in hybridization solution for 1 h at 65°C. This was followed with 
hybridization by incubating the membrane in the same buffer containing radioactive-
labeled DNA probes. Detection of the hybridized probe was exposed in Kodak Biomax 
MS film (Cat # 11601203, Kadak). Plaques showing the hybridization signal on both 
membranes were selected for secondary screening, which was conducted in the same 
way as the primary screening except that 90 × 15 mm plates each with 100 plaques 
were used. 
 
2.8 In vivo excision 
In vivo excision was done to excise the pBluescript phagemid from the lambda phages. 
XL1-Blue and SOLR (Stratagene, USA) cells grown overnight at 37ºC with shaking 
were resuspended with 10mM MgSO4 to an OD600 of 1.0. 200 µl XL1-Blue cells, 250 
µl of the phage stock and 1 µl of ExAssist helper phage (Stratagene, USA) was mixed 
in a 15ml polystyrene tube and incubated for 15 min at 37ºC before the tube was 
heated for 20 min at 65ºC. After centrifugation, the supernatant was diluted 1, 000 
times, and 1 µl of the diluted stock was added to 200 µl of SOLR cells. The cells were 
incubated for 15 min at 37ºC, plated onto LB agar medium supplemented with 50 mg/l 
ampicillin and incubated for 16-18 h at 37ºC. Single colonies were picked, and 
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cultured in LB broth supplemented with 50 µg/ml ampicillin at 37ºC. Plasmid DNA 
was isolated as described earlier. The length of the cDNA insert was determined by 
PCR using the excised phagemid solution (3 µl) as the template and T3 (5’-
AATTAACCCTCACTAAAGGG-3’) and T7 (5’-
GTAATACGACTCACTATAGGGC-3’) as the primers. The clones that gave rise to 
PCR products close to the predicted size were selected for sequencing and analysis as 
described.  
 
2.9 Isolation of genomic DNA and Southern blot analysis 
Large quantities of genomic DNA were isolated according to Wang et al (1994). 3-5 g 
plant tissue was pulverized in liquid nitrogen with mortar and pestle, after which 20 ml 
extraction buffer (100 mM Tris, 50 mM EDTA, 500 mM NaCl, 1.25% v/w SDS, 
0.15% v/v β-mercapto-ethanol, pH 8.0) was added and incubated at 65ºC for 30 min.  
Then the samples were kept on ice for 20 min after mixed with 7.5 ml of potassium 
acetate and the supernatant was transferred to a new 50 ml tube after centrifugation (3, 
000 rpm, 20 min).  A 15 ml volume chloroform isoamyl (24:1) was added to the 
supernatant at room temperature, after which an equal volume of chloroform was 
added and the sample shaken vigorously for 20 s. After 5 min, the mixture was 
centrifuged for 10 min at 12, 000 g at 4ºC, and DNA in the aqueous solution was 
mixed with 2 volumes of 100% ethanol slowly. DNA fibers appeared and were picked 
up. DNA was washed in 70% ethanol, phenolized in pheno-chloroform mixture (pH 
8.0) for two times. A 10 µl of RNase (10 mg/ml) was added and incubated at 37ºC for 
30 min. DNA was phenol-extracted, precipitated, and dissolved in 1 × TE (10 mM 
Tris-HCl, pH 8.0, 1 mM EDTA) buffer. 
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For Southern hybridization, 2 µg of genomic DNA was digested with an appropriate 
restriction enzyme and separated on 1% agarose gel by electrophoresis in 1 × TBE 
buffer (tris base 10.8 g/L, boric acid 5.5 g/L, 0.5 M EDTA [pH 8.0] 4 ml/L). The gel 
was treated with 0.25 N HCl for 15 min for DNA depurination, then denatured in 0.5 N 
NaOH/1.5 M NaCl twice, each for 15 min with shaking, rinsed with sterile water, and 
transferred to the neutralization solution (0.5 M Tris-HCl [pH 7.5] and 3 M NaCl) 
twice, each for 15 min, with shaking. The DNA was transferred overnight onto a 
positively charged membrane in 10 × SSC (3 M NaCl and 0.3 M sodium citrate [pH 
7.0]), the membrane was cross-linked, and pre-hybridized at 65ºC for 2 h, followed by 
overnight hybridization in the same buffer containing radioactive-labeled DNA probes. 
The membrane was washed in 2 × SSC/0.1% SDS twice, each for 15 min at room 
temperature, followed by 0.5 × SSC/0.1% SDS twice, each for 15 min, at 68°C and 0.1 
× SSC/0.1% SDS for 15 min at 68°C. For detection, it was exposed using Kodak 
Biomax MS film.  
 
2.10 RNA isolation and Northern blot analysis 
Total RNA was extracted from the frozen samples using TriZol Reagent (Invitrogen, 
Cat # 15596-018). The procedure is briefly described as following steps: 
homogenization, phase separation, RNA precipitation, RNA wash, and redissolving the 
RNA. The RNA was dissolved in RNase free water (treated with 0.1% v/v 




RNA gel blot analysis was performed according to Barnes et al (1996). 15-20 µg total 
RNA was mixed with 2 × RNA loading buffer (50% formamide, 1 × MOPS, 6% 
formaldehyde, 1% glycerol, 0.4 mg/ml, EtBr, BPB). Mixture was heated at 65°C for 10 
min and loaded in a gel (1.5% agarose, 2% formaldehyde, 1 × MOPS). RNA gel was 
run 30 volts in a buffer of 1 × MOPS (10 × MOPS: 0.4 M MOPS, 0.1 M NaAC, 10 
mM EDTA, pH 7.0 with NaOH) overnight. After electrophoresis, RNA was 
transferred overnight onto a positively charged nylon membrane (Roche Molecular 
Biochemicals, GmbH, Germany). The membrane was washed for 5 min with 2 × SSC 
and crosslinked by UV radiation, followed by pre-hybridization and hybridization with 
DIG-labeled probes (see below). After hybridization, the membrane was washed twice, 
each for 5 min with 2 × SSC at room temperature, and once with 2 × SSC/0.1% SDS 
for 15 min at 65°C before the membrane was air dried and detected according to the 
DIG Easy Hybridization System (Roche Molecular Biochemicals).  
 
2.11 Probe labeling 
The radioactive-labeled DNA probes for mapping rice ESTs and screening the cDNA 
library were prepared using the Radom Megaprime Labeling System (Amersham, UK). 
The DNA template (25-100 ng) was mixed with 5 µl primer solution and the final 
volume was adjusted to 50 µl with sterile water. After denaturing at 95°C for 5 min, it 
was added with 4 µl each of unlabeled dNTP (dATP, dGTP, dTTP), 5 µl reaction 
buffer, 5 µl 32p-dCTP (50 Ci, 3, 000Ci/mmole), and 2 µl DNA Polymerase I Large 
Klenow Fragment (2 U/µl). The reaction was incubated for 10-60 min at 37°C, 
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followed by denaturation at 100°C for 5 min and kept on ice for 15 min before using 
for hybridization. 
 
Probes labeled for Northern blotting were prepared using non-radioactive digoxigenin 
(DIG). The DIG-labeled probes of PDF1.2, Thi2.1, AtVSP, LOX2, 18S rRNA, LeSKP1, 






GAGCTTAAAAACCCTTCCAG-3’), 18S.5’(5’-ACTCCGCTGGCACCTTATGA              
-3’) / 18S.3’ (5’-GTTACGACTTCTCCTTCCTC-3’), LOX2.5’ (5’-
GGATAACTTGGTCGAGA-3’) / LOX2.3’ (5’-GGGTCACCAACATCGTTGT-3’) 
(Freire et al., 2000), OmSKP1-5E (5’-TTCCTCCTCCTCCTTCACAG-3’) /OmSKP1-
3E (5’-TTTCCCTTCCACACCCATAG-3’), and LeSKP1-5E 
(TATGTCTACTCCGACGAAGA)/LeSKP1-3E (5’-
ATAACGATTGCTGAAAGAAA-3’), respectively. The PCR procedure is following 
the description by the manufacturer (Roche).  
 
2.12 Protein extraction and Western blot analysis  
Protein extracts were prepared by homogenizing plant tissues in ice-cold extraction 
buffer (50 mM sodium phosphate, pH 7.0, 200 mM NaCl, 10 mM MgCl2, 0.2% β-
mercaptoethanol, and 10% glycerol) supplemented with the protease inhibitor cocktail 
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(Roche, Mannheim, Germany, Cat # 1836170). Extracts were cleared by centrifuge at 
14, 000 rpm for 30 min at 4°C. The supernatant (containing protein) was mixed with 
0.1 × volume TCEP (Bond-breaker, Pierce) and 1 × loading buffer (Bio-Rad), and 
denatured at 100°C for 10 min for loading. 
 
Proteins were separated on SDS-PAGE (Polyacrylamide Gel Electrophoresis) using 
Tris glycine electrophoresis buffer (25 mM Tris base, 250 mM glycine, 0.1% SDS, pH 
8.3). The SDS-PAGE gel was made from 10% resolving gel (4.0 ml sterile water, 3.3 
ml 30% Acrylamide/Bis solution [Bio-Rad], 2.5 ml 1.5 M Tris Buffer [pH 8.8], 0.1 ml 
10% SDS solution, 0.1 ml 10% ammonium persulfate solution, 4 µl TEMED [Fisher 
Biotech]) and 5% stacking gel (1.4 ml sterile water, 0.33 ml 30% Acrylamide/Bis 
solution, 0.25 ml 1.0 M Tris Buffer [pH 6.8], 20 µl 10% SDS soultion, 20 µl 10% 
ammonium persulfate solution, 2 µl TEMED). After electrophoresis, the gel was 
placed onto Hybond enhanced chemiluminescence membranes (Amersham, Cat # 
RPN303D) soaking with the transfer buffer (48 mM Tris base, 39 mM Glycine, 
0.037% SDS, 20% Methonal, pH 8.3) for transferring. The transfer was employed in 
Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad). After transferring, the blot was 
blocked in PBST (PBS [pH 7.4] [4.3 mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl, 1.4 
mM KH2PO4 plus 0.05% Tween 20]) containing 1-5% non-Fat Dry Milk (Bio-Rad, Cat 
# 170-6404) for 2 h and incubated for an additional 2 h with the primary antibody at a 
dilution of 1:1, 000. Then, the blot was washed five times with PBST and incubated 
with an appropriate secondary antibody at a dilution of 1:60, 000 for 1 h. After 
washing, immunoblotting bands were detected using the enhanced chemiluminescence 
system (Pierce, Cat # CK52563). 
 58
2.13 Coimmunoprecipitation assay 
The process of co-immunoprecipitation is basically similar to that of Western blot 
analysis. Extracts (1 ml) containing 5-10 mg of total protein prepared from young 
seedlings (2 weeks old) and mature plants (flowers and leaves) were incubated with 50 
to 200 µl of Myc affinity matrix (BabCO, Cat # 139035002) for 4 h at 4ºC with gentle 
rocking. The beads were washed three times with protein extraction buffer, and the 
Myc-fused proteins/complexes were eluted for Western analysis using anti-Myc, anti-
ASK1, anti-Rbx1, and anti-AtCUL1 antibodies. 
  
2.14 Cloning of COI1 orthologs GmCOI1 and LeCOI respective from soybean and 
tomato  
To isolate GmCOI1, the COI1 ortholog from soybean (Glycine max L.), the full length 
cDNA of COI1 was used to search soybean expression sequence tags (ESTs). A 500 
bp cDNA sequence from soybean ESTs was identified to design primers GmCOI1.5’ 
(5’-CTACAACGAGGAACCAGAAA-3’) and GmCOI1.3’ (5’-
GTTCCAATATGTTCCAGAGA-3’). This fragment was amplified by PCR with 
primers GmCOI1.5’/GmCOI1.3’, then labeled with 32p-dCTP using rediprimer II 
(Amersham, Cat # RPN1633). The labeled probe was employed to screen soybean λ 
cDNA library which was purchased from Stratagene (Cat # 937009). Two independent 
clones S13 and S15 were sequenced and identified to contain the full length cDNA of 
GmCOI1. Similarly, a fragment with high identify to COI1 was obtained from tomato 
ESTs by blast search. A partial sequence of the COI1 ortholog from tomato 
(Lycopersicon esculentum) LeCOI1 was amplified using primers LeCOI1.5 (5’-
AGGAATGTTGTTGGGGATAG-3’) and LeCOI1.3 (5’-
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AAACAGCAGCCTCTCACTTC-3’), and was labeled with 32p-dCTP for screening 
the tomato cDNA library (Stratagene). The full length cDNA of LeCOI1 was identified 
with the aid of 5’-RACE (life Technoloies) described below.  
 
The full length coding region of GmCOI1 gene was PCR-amplified from the soybean 
cDNA clone with the primers GmCOI1-ATG (5’-ATGACGGAGGATCGGAACGT-
3’) / GmCOI1-END (5’-CTAGGTGTCAACGCATGTG-3’) and subsequently cloned 
into the plant binary vector pROK2 vector (Xie et al., 1998) in sense orientation under 
control of CaMV 35S promoter, resulting in pROK2-GmCOI1. The LeCOI1 gene with 
full length coding region was PCR-amplified with primers LeCOI1-ATG (5’-
ATGGAGGAACGGAACTCAAC-3’) / LeCOI1-END (5’-
TCAGCGAGAAGGTAAGTTG-3’). The amplified LeCOI1 containing full length 
coding region was then cloned into the plant binary vector pROK2 in sense orientation 
under control of 35S promoter, resulting in pROK2-LeCOI1.  The Arabidopsis COI1 
was previously cloned in pROK2-COI1 (Xie et al., 1998). The recombinant constructs 
(pROK2-COI1, pROK2-GmCOI1, pROK2-LeCOI1) and the vector pROK2 were 
employed for particle gun bombardment described below. 
  
To investigate the function of GmCOI1 in planta, the construct pROK2myc was made. 
The Myc tag was amplified from CS2+MT described by Rupp et al (1994) and Turner 
et al (1994) with primers SP6  (5’-ATTTAGGTGACACTATA-3’)  / b (5’-
GGGCTCGAGAGGCCTTGAATTCAA-3’) using Pfu, cut by restriction enzyme 
BamHI, and ligated to the vector pROK2 with CaMV 35S, which was cut by BamHI 
and SmaI,  for making  pROK235S::myc. This pROK235S::myc vector was sequenced 
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and confirmed with SmaI locus. Then, GmCOI1 was amplified with primers 
GmCOI1.ATG/GmCOI11.3E using Pfu, and ligated to pROK235S::myc which was cut 
by SmaI for making pROK2myc-GmCOI1. We also made pROK2myc-COI1 (Xu et al., 
2002). The recombinant constructs pROK2myc, pROK2myc-COI1, and pROK2myc-
GmCOI1 were first employed for particle gun bombardment, and then transferred to 5-
week COI1/coi1-1 seedlings by Agrobacterium-mediated transformation.  
 
2.15 5’-rapid amplification of cDNA ends (5’-RACE) 
Total RNA was extracted from young tomato leaves based on the method described 
above. In each reaction mixture, 1 µg total RNA was mixed with 1 µl special LeCOI1 
primer (5’-TAGCAGCTCTTGGTTTCCCTTTCA-3’), 1 µl SMARTII oligo and the 
final volume was adjusted to 5 µl with sterile water. After incubation at 72°C and on 
ice, each for 2 min, the mixture was added with 2 µl 5 × first-strand buffer, 1 µl DTT 
(20 mM), 1 µl dNTP mix (10 mM each), and 1 µl MMLV reverse transcriptase (200 
U/µl) and incubated for 1.5 h at 42°C. The first-strand reaction product was diluted 
with Tricine-EDTA buffer, followed by heat treatment at 72°C for 7 min before used 
for DNA amplification. The PCR master mix was prepared by mixing 34.5 µl PCR-
grade water, 5 µl 10 × Advantage 2 PCR buffer, 1 µl dNTP mix (10 mM each), and 
1µl GSP1 (10 µM). The final volume was adjusted to 50 µl. PCR was performed for 
25 cycles, each at 94°C for 5 s, 68°C for 10 s, and 72°C for 3 min. The products were 
separated by gel electrophoresis, purified using the PCR Purification Kit (BST), and 
cloned into the pGEM-T easy-vector. A total of five independent clones were picked 
for determination of the sequence. 
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2.16 Cloning of SKP1-like genes OmSKP1 and LeSKP1 from wild rice Oryza 
minuta and tomato respectively 
The Arabidopsis ASK1 was used for the BLAST search in the expressed sequence tags 
(ESTs) database and Genbank.  The partial fragments highly identical to ASK1 were 
identified from rice and tomato ESTs databases, subsequently PCR-amplified and 
labeled with 32P-dCTP as probes to screen the wild rice Oryza minuta cDNA library (B 
Shi and GL Wang) and tomato cDNA library (Stratagene) for the full coding regions 
of the corresponding genes that were finally sequenced, following routine methods. 
These two genes were named OmSKP1 (Oryza minuta SKP1-like protein 1) and 
LeSKP1 (Lycopersicon esculentum SKP1-like protein 1), respectively. The full length 
coding region of OmSKP1 and LeSKP1 genes were PCR-amplified respectively from 
the wild rice and tomato cDNA clones with the primers OmSKP1-5E (5’-
TTCCTCCTCCTCCTTCACAG-3’) and OmSKP1-3E (5’-
TTTCCCTTCCACACCCATAG-3’), and LeSKP1-5E 
(TATGTCTACTCCGACGAAGA) and LeSKP1-3E (5’-
ATAACGATTGCTGAAAGAAA-3’), respectively, and subsequently cloned into the 
pROK2 vector (Xie et al., 1998) in sense orientation under the control of CaMV 35S 
promoter, resulting in pROK2-OmSKP1 and pROK2-LeSKP1. The construct pROK2-
ASK1 was described in our previous study (Liu et al., 2004). The constructs pROK2-
ASK1, pROK2-OmSKP1, and pROK2-LeSKP1 were transferred to 5-week ASK1/ask1-
1 seedlings by Agrobacterium-mediated transformation. 
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2.17 Domain swapping between COI1 and GmCOI1 
Domain swapping between COI1 and GmCOI1 was performed by PCR with Pfu DNA 
polymerase (Stratatgene, Cat # 600153). A highly conserved sequence located between 
F-box motif and LRR domain of COI1 and GmCOI1 was designed as primer F 
(containing half sequence from COI1 and the other half sequence from GmCOI1). Its 
opposite orientation sequence was designed as primer R. CF-SL, containing the F-box 
from COI1 and LRR from GmCOI1, was produced by twice PCRs. First, primers 
COI1.ATG (5’-ATGGAGGATCCTGATATCAAG-3’) / CS.R (5’-
GTAGCAGAGCGCGATGGTCACATGCTCTCTCGTCTC-3’) were used to amplify 
fragment A from COI1, while primers CS.F (5’-
GAGACGAGAGAGCATGTGACCATCGCGCTCTGCTAC-3’) / GmCOI1.3E (5’-
ATGAAAGGGGAGAAGAAAAA-3’) were used to amplify fragment B from 
GmCOI1. Then, fragment A and fragment B were provided as templates to amplify 
CF-SL using primers COI1.ATG / GmCOI1.3E. SF-CL was produced by the same 
strategy. Primers GmCOI1.ATG (5’-ATGACGGAGGATCGGAACGT-3’) / SC.R (5’-
GTAGCAAAGCGCCATAGTGACGTGCTTCCGAGTGAG-3’) were used to amplify 
fragment C from GmCOI1, while primers SC.F (5’-
CTCACTCGGAAGCACGTCACTATGGCGCTTTGCTAC-3’) / T3 (5’-
AATTAACCCTCACTAAAGGG-3’) were used to amplify fragment D from COI1. 
Then, fragment C and D were provided to amplify SF-CL using primers 
GmCOI1.ATG/T3.  The Pfu amplified fragments CF-SL and SF-CL were ligated to 
pROK235S::myc which was cut by SmaI for making pROK2myc-CF-SL and 
pROK2myc-SF-CL respectively, and subsequently   transferred to 5-week COI1/coi1-1 
seedlings by Agrobacterium-mediated transformation. 
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2.18 Particle gun bombardment 
For preparing the gold buffer, 60 mg of gold power was mixed with 1 ml of 100% 
ethanol in a sterile eppendorf tube, and the mixture vortexed for 1-2 minutes. Mixture 
was spun down at 10, 000 rpm for 1 min, the ethanol was decanted. This procedure 
was repeated 3 times. 1 ml of sterile double-distilled H2O was added to resuspend the 
gold particles. The gold suspension was divided into aliquots and stocked at –20ºC. 20 
µl of gold suspension was mixed with 5 µl DNA (1 µg/µl, respective from the vector 
pROK2 and the recombinant plasmids pROK2myc, pROK2myc-COI1, pROK2myc-
GmCOI1, pROK2-COI1, and pROK2-LeCOI1), 20 µl 2.5 M CaCl2, and 10 µl 0.1 M 
spermidine in a sterile eppendorf tube. After vortexing for 3 min, the tube was 
centrifuged at 10, 000 rpm for 10 s, and liquid decanted. 250 µl of 100% ethanol was 
added and vortexed for several seconds. The tube was centrifuged at 10, 000 rpm for 
10 s and the liquid decanted. 40 µl of 100% ethanol was added to resuspend the DNA-
coated gold particles. 
 
A 10 µl volume of DNA coated gold suspension was added onto the center of a 
macrocarrier in a holder, and placed inside a sterile petri dish to allow ethanol 
evaporation. Once the ethanol was completely evaporated, the macrocarrier was placed 
facing down on top of the macrocarrier launch assembly. A petri dish with two-week 
coi1-1 seedlings (which were grown on the MS medium with 25 µM for 48 h) was 
placed into the chamber before placing a rupture disk (1, 100 psi) into the rupture disk 
retaining cap. Then helium tank was turned and delivery pressure in the regulator was 
set to 1, 300 psi. When vacuum reached 25-28 inches of Hg, the fire button was 
pressed and kept until hearing a noise of the gas breaking the rupture disk. After 
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bombardment, the samples were incubated at room temperature for 24 h before 
analysis by GUS assay.  
 
2.19 Plant transformation 
The recombinant constructs pROK2myc-COI1, pROK2myc-GmCOI1, pROK2myc-
CF-SL, pROK2myc-SF-CL, pROK2-ASK1, pROK2-OmSKP1, pROK2-COI1, and 
pROK2-LeSKP1 and the control vectors pROK2 and pROK2myc were transferred into 
Arabidopsis through Agrobacterium-mediated transformation (Clough and Bent, 1998). 
5-6 week-old Arabidopsis plants (COI1/coi1-1 or ASK1/ask1-1) were used for 
transformation. Agarbacterium was grown in 400 ml of LB medium containing 
appropriate antibiotics. Cells were pelletted and resuspended to an OD600 of 0.8 in a 
solution containing ½ MS salts with 5% sucrose, 44 nM Benzylaminopurine (BAP), 
0.005% Silwetl.-77 (Lehle Seeds, USA, Cat # VIS-02). Plants were placed upside 
down and submerged in an Agrobacterum suspension. Vacuum was applied for about 
5-8 minutes. Treated plants were covered with a plastic dome overnight, transferred to 
a green house, and grown until seeds were mature and dry. Seeds were sowed on a 
selective medium (MS medium, Sigma, Cat # M-5519; 0.8% agar; 50 µg/ml 
Kanamycin) and KanR seedlings were identified in about 10 days. 
 
2.20 Determination of genotypes by PCR  
Transgenic seedlings with pROK2, pROK2-COI1/LeCOI1, pROK2myc, pROK2myc-
COI1/GmCOI1/CF-SL/SF-CL were identified in coi1-1 background using PCR with 
primers p1 (5’-GGTTCTCTTTAGTCTTTAC-3’) / p2 (5’-
CAGACAACTATTTCGTTACC-3’) to amplify DNA fragments which were cut by 
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XcmI according to Xie et al (1998). There are two bands in wild type Col-gl 
(COI1/COI1), three bands in heterozygous (COI1/coi1-1) background, and only one 
band in homozygous (coi1-1/coi1-1) mutation. Transgenic lines harboring OmSKP1 
and LeSKP1 were identified in the ask1-1 homozygous background with primers 
ASK1-5 (5’-CAAGGATCCATGTCTGCGAAG-3’) and ASK1-3 (5’-
TGATCCACGTTCGGTTGAGT-3’), and primers DS3.2 (5’-
CCGGTATATCCCGTTTCG-3’) and ASK1-3. Primer pairs ASK1-5/3 can amplify 
DNA fragments from the wild type but not the ask1-1 mutation, whereas 
DS3.2/ASK1-3 can amplify DNA fragments from the ask1-1 mutation but not the wild 
type. OmSKP1 and LeSKP1 were amplified by their specific primer pairs OmSKP1-
5E/3E and LeSKP1-5E/3E, respectively. At least three independent transgenic lines for 
each construct were identified and analysised, but we only presented the figures from 
one line for each construct.  
 
2.21 JA and auxin effect to root length  
Seeds from pROK2, pROK2-COI1/LeCOI1, pROK2myc, pROK2myc-
COI1/GmCOI1/CF-SL/SF-CL, and F2 progeny of COI1/coi1-1 were sterilized with a 
solution of 20% v/v bleach + 0.01% v/v Triton X-100 for around 30 min with constant 
shaking, then washed around 5-6 times with sterile water, and plated on MS medium 
or MS medium plus MeJA (Aldrich Chemical Company, Inc., Cat # 39,270-7) with a 
concentration of 0, 0.1, 0.5, 1, 5, 10, 25, 50 or 80 µM. These plates were chilled at 4ºC 
for 3 days to ensure synchronic seed germination, then transferred to greenhouse at 
23.5ºC with 16 h light / 8 h dark for germination and growth. Root length of 30 
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seedlings from each sample were measured and recorded as pictures at the seventh day. 
This procedure was repeated three times. 
 
Seeds from pROK2-ASK1/OmSKP1/LeSKP1 and F2 progeny of ASK1/ask1-1 were 
treated as described above, plated and grown on MS or MS medium supplemented 
with 0.5 µM 2,4-dichloro-phenoxyacetic acid (2,4-D) (Sigma). Root length of 30 
seedlings for each sample was measured and photographed at the 10th day. The 
experiment was repeated three times. 
 
2.22 Histochemical analysis of GUS activity  
To assay for GUS activity, plants grown under sterile conditions as described in 
particle gun bombardment were completely submerged in a staining solution (0.1 M 
Na-phosphate, pH 7.0, 0.5% Triton X-100, 2 mM K-ferricyanide, 2 mM K-
ferrocyanide, 2 mM x-gluc) for 24 h, and then destained using 70% ethanol (Jefferson, 
1987; Christensen et al., 1996). Pictures of GUS-stained plants were taken using a 
dissecting microscope (Leica). 
 
Pollen from coi1-1;GmCOI1, coi1-1;CF-SL, and coi1-1;SF-CL was used to fertilize 
pillars of coi1-1;PThi2.1:GUS described by Xu et al (2001). Their F1 progeny, COI1; 
PThi2.1:GUS, and coi1-1;PThi2.1:GUS were induced by spraying 100 mM MeJA and 
detected in GUS staining experiments described above. 
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2.23 Tests of viability of pollen grains 
The anthers and pollen from transgenic seedlings coi1-1;GmCOI1, coi1-1;CF-SL, 
coi1-1;SF-CL, and coi1-1;LeCOI1 as well as control lines ARC1, ATC1, and VEC1 
were stained by 0.01% (w/v) fluorescein diacetate (FDA) (Sigma), then observed and 
recorded under Nikon fluorescent  microscope (10 × 10). Viability of pollen grains for 
transgenic seedlings LeSKP1/ask1-1, OsSKP1/ask1-1, ASK1/ask1-1, wild type 
ASK1/ASK1, and mutant ask1-1/ask1-1 was determined using the same process. 
 
2.24 Yeast two-hybrid assay 
pLexA-GmCOI1 was constructed by PCR with Pfu. Primers GmCOI1.BamHI+2 (5’-
GAGGATCCTTATGACGGAGGATCGGAACGT-3’) / GmCOI1.3ENcoI (5’-
GACCATGGATGAAAGGGGAGAAGAAAAA-3’) were used to amplify a fragment 
which was cut by BamHI and NcoI, and ligated to the vector pLexA which was 
digested by BamHI and NcoI for making pLexA-GmCOI1. This pLexA-GmCOI1 was 
sequenced to confirm inframe-fusion between LexA and GmCOI1. pLexA-COI1, 
pB42AD-ASK1, and pB42AD-ASK2 were constructed by the same strategy (Xu, 2002; 
Liu, 2004). pLexA-GmCOI11 or pLexA-COI1 and pB42AD-ASK1 or pB42AD-ASK2 
were respectively transferred to yeast to detect their interaction according to 
MATCHMARKER LexA two-hybrid system (Clontech, Cat # K1609-1). 
 
For the two-hybrid screen using pLexA-COI1 as bait (Xu et al., 2002), a LexA-based 
tomato cDNA library constructed from mRNAs in pB42AD was transformed into 
yeast strain EGY48 according to the manufacturer’s instructions (Clontech). A total of 
6 × 107 yeast transformants were selected on 2% Gal/1% raffinose/SD/-Ura/-His/-Trp/-
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Leu/X-β-Gal. Positive clones were sequenced. One of candidate clones showing an 
interaction, was identical to LeSKP1, and was further tested for mutual interaction by 
transferring the constructs (pLexA-COI1/pB42AD-ASK1, pLexA-COI1/pB42AD-
LeSKP1) to the yeast strain EGY48 according to the MATCHMARKER LexA two-
hybrid system.  
 
2.25 Defense array in Arabidopsis 
Botrytis cinerea (provided by YD Choi) was used in the disease resistant experiment. 
Three-week-old Arabidopsis seedlings were inoculated with a spore suspension at a 
concentration of 1 × 105 spores/ml, while control seedlings were sprayed with 1% w/v 
D-glucose. The inoculated plants and controls were placed in a dark chamber for 24 h 
at 18ºC with 90% humidity and subsequently maintained on 8 h light/ 16 h dark cycle 
at 18ºC with 90% humidity. Disease reactions were scored 1-3 days after inoculation. 
The survival rate of inoculated seedlings (40 plants from each sample) was recorded at 
the 11th day after inoculation. This procedure was repeated three times. 
 
For inoculation of bacterium Erwinia carotovora, 1 µl of bacterial suspension (2 × 107 
colony-forming units/ml) in LB liquid medium (pH 7.0) was added to each of two 
wound sites on each leaf of three-week-old seedlings, whereas control seedlings were 
inoculated with LB liquid medium. Five leaves from each seedling were inoculated. 
The plant growth condition was similar to that used in Botrytis cinerea inoculation 
described above. The death rate of inoculated seedlings (40 plants from each sample) 
was recorded at the 14th day after inoculation. The experiment was repeated three times. 
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2.26 EMS mutagenesis 
Before conducting the full scale experiment, a small-scale pilot mutagenesis was 
performed to assess lethality and mutagen effectiveness following the same procedure 
described below (Martínez-Zapater et al., 1998). About 150, 000 coi1-2 seeds were 
placed into a disposable 250 ml beaker with 100 ml of deionized water and a stir bar. 
A 300 µl volume of EMS (mutagen dosage 0.3% v/v EMS) was added into the beaker 
using a filter-plugged pipet tip.  A 1 cm thick piece of flat styrofoam was covered on 
top of the stir plate to insulate the beaker. The stirring action was adjusted to as slow as 
possible to just keep the seeds well mixed. After 15 h, the wash procedure was begun. 
The EMS solution was carefully decanted into the waste container, and 120 ml of 
distilled deionized water was added to the beaker for a stirring about 1 min. Water was 
decanted into the waste container after the seeds were settled. This procedure was 
repeated seven additional times. Then the seeds were washed one more time with 120 
ml of water and transferred to a fresh 1 L flask. 500 ml of water and a fresh stir bar 
were added to the 1 L flask and the seeds were kept to stir in the hood for 30 min. The 
disposable plastic 250 ml beaker and the EMS solution and materials would be 
decontaminated and rinsed with 3 M NaOH. EMS is destroyed within several minutes 
in 1 M NaOH. After washing, the seeds were examined with a dissecting microscope 
to determine whether they have been damaged by the EMS treatment, and the number 
of seeds was also estimated. Then the seeds were diluted to 1, 000 viable seeds/50 ml 
with 0.15% agar, and distributed evenly across a tray of soil. A single tub of the 
unmutagenized parents was sown as a control at the same density as the mutagenized 
seeds. The number of surviving plants was estimated for pooled M2 populations after 
about 10 d of growth as an approximation of the size of the M1 generation. The growth 
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conditions of plants are described above. During the growth of the plants, the chlorotic 
somatic sectoring 0.1-1% of the M1 plants was watched for indication of successful 
mutagenesis.  One tray of M2 seeds was harvested as one pool after maturity and kept 
at the air dryer. 
 
2.27 Mutant screening 
M2 seeds of coi1-2 were employed for screening the coi1-2 suppressors, and 
purchased seeds from Arabidopsis Seeds Center (www.Arabidopsis.com) were used 
for screening novel mutants involving in JA responses. The seeds for screening in the 
experiment included Arabidopsis seeds which had been mutagenized by EMS (M2 
seeds of coi1-2, CS3115, CS5455, CS5600, CS6500, CS22830, CS31400, CS31402, 
CS8442), fast neutrons (#97F, #97G, #99E, #99F), 60Co (#99E,  #99H), T-DNA 
insertions (knocked out lines CS19651, CS31085, CS76502, CS76504, CS76506, 
CS76508, and CS84450; activation tagged lines CS21991, CS21995, CS23153, and 
CS31100) or transposon insertions (SGT lines kindly provided by De Ye). For 
screening mutants, the seeds were evenly distributed into the plates (150 × 25 mm) 
with the MS medium plus 25 µM MeJA or 1 µM MeJA. The plated seeds were 
vernalized in darkness at 4ºC for three days, and then transferred to the greenhouse for 
germination and growth as described earlier. The mutants hyposensitive to JA or 
resistant to JA were picked up at 7-10 d, and transferred to soil for setting seeds. The 
descendant seeds were used for further confirmation. Six primers were employed for 
PCR assay to identify COI1 mutations: COI1-5 UTR (5’-
GTCGTCGGTTTCTTCTCTAA-3’), COI1-3 UTR (5’-
CCATACAACAAACAAGACTG-3’), COI1-5’-2 (5’-GTTACTCCTTGGGTTACGA-
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3’), COI1-3’-2 (5’-GCAACAACCTCTCATCTCTA-3’), COI1-EXON2 (5’-
GGCTGCTGCTGTTCTTCATA-3’), and COI1-EXON3 (5’-
AGAAACTGAAGACCATTGTA-3’). The primers JAR1-5 (5’-
CTAGCGCAGGATGTTGGAGAAGGT-3’) and JAR1-3 (5’-
AAAGGTAACGTCACATCAGAAATC-3’) were used to amplify the JAR fragment, 
and DFR was amplified with the primers DFR-5 (5’-
ATGGTTAGTCAGAAAGAGAC-3’) and DFR-3 (5’-
CTAGGCACACATCTGTGTG-3’). 
 
2.28 Genetic analysis of mutant candidates  
Mutant candidates were crossed with coi1, jar1, or their wild types, respectively. The 
resulting F1 hybrids were used to determine if the wild type or the mutant phenotype is 
dominant. The F1 plants were also backcrossed to wild types and their progenies were 
be selected based on the mutant phenotype. Preferentially, this backcross and 
reselection is repeated 4-5 times, so that a “clean” mutant line showing monogenic 
inheritance is obtained. The selfed seeds from the F1 plants produced the F2 generation. 
The detailed scoring of F2 individual plants for the trait of mutant and the analysis of 
the obtained numbers of each phenotypic class, allow the determination of the mono-, 
di-, or polygenic nature of the mutants.  
 
2.29 Thermal asymmetric interlaced (TAIL)-PCR 
The TAIL-PCR protocol (Liu et al., 1995) for identification of T-DNA insertion 
mutant (D1) was modified for high throughput as follows, including three sequent 
PCRs in PTC-100 thermocyclers. A T-DNA border–specific primer and six arbitrary 
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degenerate (AD) primers were used per round of TAIL-PCR cycling. The AD primers 
were as follows: AD1 (NGTCGASWGANAWGAA), AD2 
(TGWGNAGSANCASAGA), AD3 (AGWGNAGWANCAWAGG), AD4 
(STTGNTASTNCTNTGC), AD5 (NTCGASTWTSGWGTT), AD5 
(NTCGASTWTSGWGTT), and AD6 (WGTGNAGWANCANAGA). The T-DNA 
border primers used were as follows: for the left border, JL202 
(CATTTTATAATAACGCTGCGGACATCTAC), JL270 
(TTTCTCCATATTGACCATCATACTCATTG); for the right border, XR2 
(TGGGAAAACCTGGCGTTACCCAACTTAAT), JR70 
(TCCCAACAGTTGCGCACCTGAATG). Cycling parameters for these three rounds 
were as follows: TAIL-1: 95°C, 2 min; 94°C, 30 sec, 62°C 1 min, 72°C, 2 min 30 sec, 
5 more cycles; 94°C, 30 sec; 25°C, 30 sec; ramp (+47, 0.2°C per second) (slope 
option). 72°C, 2 min 30 sec; 94°C, 10 sec, 64°C, 1 min, 72°C, 2 min 30 sec, 94°C, 10 
sec, 64°C, 1 min, 72°C, 2 min 30 sec, 94°C, 10 sec, 44°C, 1 min, 72°C, 2 min 30 sec, 
more 15 cycles; 72°C, 5 min, 16°C (hold). TAIL-2 (PTC-100TM machine): 94°C, 10 
sec, 61°C, 1 min, 72°C, 2 min 30 sec, 94°C 10 sec, 61°C, 1min, 72°C, 2 min 30 sec, 
94°C, 10 sec, 44°C, 1 min, 72°C, 2 min 30 sec, more 15 cycles. TAIL-3: 94°C, 15 sec, 
44°C, 1 min, 72°C, 2 min 30 sec, more 30 cycles; 72°C, 5 min, 16°C (hold). 
 
 
2.30 Genetic mapping of candidates of the coi1-2 suppressors 
To map the candidate of the coi1-2 suppressors (ecotype Columbia), an allele of coi1 
mutant in Landsberg erecta (coi1-L) was identified from screening EMS-mutagenized 
seeds (Lehle Seeds Company), and crossed with the candidates of the coi1-2 
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suppressors (J43, J136, and J183), resulting in their F1 hybrids. The F2 mapping 
population came from the selfed seeds of the F1 plants. Genetic markers with simple 
sequence length polymorphisms (SSLPs) (Table 1) in Col and Ler were employed for 
mapping. PCR products from SSLP primers were detected on a 3% special agarose gel 
(Laboratorios Conda, Cat # 8064). The scoring of segregation ratio was performed and 
the genetic distance was determined by the recombinant frequency. The special 
primers used in mapping J43, J136, and J183 included nga168 (Table 1; Figure 41), 
Bio2b (Table 1; Figure 41), ciw9 (Table 1; Figure 40), K7B16 (F1: 5’-
AACAAGAAGAGGACAATCAT-3’; R1: 5’-GACGACCACATCATCATC-3’) 
(Figure 40), MFH8 (F1: 5’-GGTTTTTGGATTTGGTTTATA-3’; R1: 5’-
GTTTCATTGGTTTTTCACTTT-3’) (Figure 40), K17N15 (F2: 5’-
ATCAACATTAAAGCAAATAAAA-3’; R2: 5’-TAAGAAAAAGAGCTATCGAG-
3’) (Figure 42), and MSG15 (F1: 5’-GAAGTTGTTGATGAAGAAAG-3’; R1: 5’-
TATGTACAAACTCTGAACT-3’) (Figure 42). 
 














nga63 Primer 1: 5'-ACCCAAGTGATCGCCACC-3' 
Primer 2: 5'-AACCAAGGCACAGAAGCG-3’ 
111 89 11.48 - 11.48 
cM 
1 
ciw12 Primer 1: 5’-AGGTTTTATTGCTTTTCACA-3’ 
Primer 2: 5’-CTTTCAAAAGCACATCACA-3’ 
128 115 9621344 - 
9621471 bp 
1 
ciw1 Primer 1: 5’-ACATTTTCTCAATCCTTACTC-3’ 
primer 2: 5’-GAGAGCTTCTTTATTTGTGAT-3’ 
159 135 18367549 - 
18367707 bp 
1 
nga280 Primer 1: 5’-GGCTCCATAAAAAGTGCACC-3’ 
primer 2: 5’-CTGATCTCACGGACAATAGTGC-3’ 
105 85 83.83 - 83.83 
cM 
1 
ATPase Primer 1: 5’-GTTCACAGAGAGACTCATAAACCA-3’
Primer 2: 5’-CTGGGAACGGTTCGATTCGAGC-3’ 
85 69 117.86 - 
117.86 cM 
1 
ciw2 Primer 1: 5’-CCCAAAAGTTAATTATACTGT-3’ 
Primer 2: 5’-CCGGGTTAATAATAAATGT-3’ 




ciw3 Primer 1: 5’-GAAACTCAATGAAATCCACTT-3’ 
primer 2: 5’-TGAACTTGTTGTGAGCTTTGA-3’ 
230 200 6409928 - 
6410163 bp 
2 
nga361 Primer 1: 5’-ACATATCAATATATTAAAGTAGC-3’ 
Primer 2: 5’-AAAGAGATGAGAATTTGGAC-3’ 
114 126 13229491 - 
13229591 bp 
2 
BIO2b Primer 1: 5’-TGACCTCCTCTTCCATGGAG-3’ 
Primer 2: 5’-TTAACAGAAACCCAAAGCTTTC-3’ 
141 209 76.11-76.11 
cM 
2 
nga172 Primer 1: 5’-CATCCGAATGCCATTGTTC-3’ 
primer 2: 5’-AGCTGCTTCCTTATAGCGTCC-3’ 
162 136 786303 - 
786468 bp 
3 
nga126 Primer 1: 5’-CAAGAGCAATATCAAGAGCAGC-3’ 
Primer 2: 5’-GAAAAAACGCTACTTTCGTGG-3’ 
119 147 16.35 - 16.35 
cM 
3 
nga162 Primer 1: 5’-CTCTGTCACTCTTTTCCTCTGG-3’ 
Primer 2: 5’-CATGCAATTTGCATCTGAGG-3’ 
107 89 20.56 - 20.56 
cM 
3 
ciw11 Primer 1: 5’-CCCCGAGTTGAGGTATT-3’ 
Primer 2: 5’-GAAGAAATTCCTAAAGCATTC-3’ 
179 230 9775545 - 
9775723 bp 
3 
ciw4 Primer 1: 5’-GTTCATTAAACTTGCGTGTGT-3’ 
Primer 2: 5’-TACGGTCAGATTGAGTGATTC-3’ 
190 215 18901818 - 
18902006 bp 
3 
nga6 Primer 1: 5’-ATGGAGAAGCTTACACTGATC-3’ 
Primer 2: 5’-TGGATTTCTTCCTCTCTTCAC-3’ 
143 123 86.41 - 86.41 
cM 
3 
ciw5 Primer 1: 5’-GGTTAAAAATTAGGGTTACGA-3’ 
Primer 2: 5’-AGATTTACGTGGAAGCAAT-3’ 
164 144 737954 - 
738117 bp 
4 
nga8 Primer 1: 5’-TGGCTTTCGTTTATAAACATCC-3’ 
Primer 2: 5’-GAGGGCAAATCTTTATTTCGG-3’ 
154 198 26.56 - 26.56 
cM 
4 
ciw6 Primer 1: 5’-CTCGTAGTGCACTTTCATCA-3’ 
Primer 2: 5’-CACATGGTTAGGGAAACAATA-3’ 
162 148 7892620 - 
7892781 bp 
4 
nga1107 Primer 1: 5’-CGACGAATCGACAGAATTAGG-3’ 
Primer 2: 5’-GCGAAAAAACAAAAAAATCCA-3’ 
150 140 104.73 - 
104.73 cM 
4 
nga225 Primer 1: 5’-TCTCCCCACTAGTTTTGTGTCC-3’ 
Primer 2: 5’-GAAATCCAAATCCCAGAGAGG-3’ 
119 189 1507104 - 
1507223 bp 
5 
nga151 Primer 1: 5’-CAGTCTAAAAGCGAGAGTATGATG-3’
Primer 2: 5’-GTTTTGGGAAGTTTTGCTGG-3’ 
150 120 29.62 - 29.62 
cM 
5 
ciw8 Primer 1: 5’-TAGTGAAACCTTTCTCAGAT-3’ 
Primer 2: 5’-TTATGTTTTCTTCAATCAGTT-3’ 
100 135 7485588 - 
7485687 bp 
5 
nga76 Primer 1: 5’-AGGCATGGGAGACATTTACG-3’ 
Primer 2: 5’-GGAGAAAATGTCACTCTCCACC-3’ 
231 250 68.4 - 68.4 
cM 
5 
ciw9 Primer 1: 5’-CAGACGTATCAAATGACAAATG-3’ 
Primer 2: 5’-GACTACTGCTCAAACTATTCGG-3’ 
165 145 17061229 - 
17061394 bp 
5 
ciw10 Primer 1: 5’-CCACATTTTCCTTCTTTCATA-3’ 
Primer 2: 5’-CAACATTTAGCAAATCAACTT-3’ 





2.31 Mapping of ESTs on the rice linkage map 
The mapping population consisted of 111 doubled haploid (DH) lines developed from 
a   cross between the indica variety IR64 and the japonica variety Azucena (Huang et 
al., 1994). The genetic linkage map constructed in the DH mapping population 
contained 276 RFLP markers. The chromosomal location of the ESTs was determined 
using the Mapmaker program (Lander et al., 1987, Version 3.0). 
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2.32 Phylogenetic analysis 
Phylogenetic analyses of the amino acid sequences from COI1, GmCOI1, LeCOI1, 
and OsCOI1 or ASK1, ASK2, LeSKP1, OmSKP1, and other SKP1-like proteins were 




GmCOI1, a soybean F-box protein gene, shows ability to mediate jasmonate-




Plant hormones influence many diverse developmental processes, ranging from seed 
germination to root, leaf, shoot, and flower formation. JAs, including JA and its 
cyclopentanone derivatives, are a newly discovered class of plant hormones, which are 
widely distributed in the plant kingdom.  JAs are synthesized from linolenic acid in a 
lipoxygenase-dependent biosynthetic pathway, where linolenic acid is oxygenated by 
LOX, then converted to OPDA by AOS and AOC, and finally converted to JA through 
reduction and three steps of β-oxidation (Creelman et al., 1997; Staswick, 1992).  
MeJA was first discovered in the floral scent of jasmine. Subsequent studies have 
demonstrated the presence of JA in all higher plants tested including Arabidopsis, 
maize, potato, rice, soybean, tobacco, and tomato (Bell et al., 1995; Creelman et al., 
1992; Engelberth et al., 2003; Schmelz et al., 2003; Seto et al., 1996; Weber et al., 
1997). Many JA biosynthetic genes isolated from different plant species have been 
characterized and found to be functionally conserved, such as LOX from Arabidopsis 
(Bell et al., 1995), barley (Voros et al., 1998), potato (Royo et al., 1999), soybean (Bell 
et al., 1991), tomato (Heitz et al., 1997), and wheat (Bohland et al., 1997), AOS from 
Arabidopsis, barley, flax, guayule, Nicotiana attenuata, rice, and tomato (Ha et al., 
2002; Harms et al., 1995; Itoh et al., 2002; Kubigsteltig et al., 1999; Sivasankar et al., 
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2000), and AOC from Arabidopsis (Stenzel et al., 2003b), barley (Maucher et al., 
2004), and tomato (Stenzel et al., 2003a).  
 
JAs are well-known to act as a regulator in plant growth and development as well as a 
signal in plant defense and wound responses. They are involved in regulating the 
expression of numerous genes and influencing diverse processes including pollen 
development, fruit ripening, root growth, tendril coiling, wound responses, and 
resistance against insects and pathogens (Creelman et al., 1997; Liechti et al., 2002; 
Mandaokar et al., 2003; Reymond et al., 1998; Staswick, 1992; Vijayan et al., 1998; 
Wasternack et al., 1997). The JA responses were found in a variety of plant species 
such as Arabidopsis, barley, maize, soybean, tomato, and wheat (Cordero et al., 1994; 
Creelman et al., 1997; Ma et al., 2003; Rakwal et al., 2001; Reinbothe et al., 1993). A 
wide arrange of genes are regulated by JA including vegetative storage proteins, 
thionin, defensin, and pathogenesis-related proteins from various plants such as 
Arabidopsis, maize, rice, and soybean (Berger et al., 1995; Cordero et al., 1994; Jwa et 
al., 2001; Manners et al., 1998; Mason et al., 1990; Rakwal et al., 2000; Santamaria et 
al., 2001; Vignutelli et al., 1998) 
 
Various JA responses have been defined through analysis of genetically identified 
mutants, including jar1 (Staswick, 1992; Staswick et al., 1998), coi1 (Feys et al., 1994), 
jin (Berger et al., 1996), fad3-2 fad7-2 fad8 (McConn et al., 1996), opr3 (Sanders et al., 
2000; Stintzi et al., 2001; Stintzi et al., 2000), cev1 (Ellis et al., 2002), cet1-9 (Hilpert 
et al., 2001), cex1 (Xu et al., 2001), jue1, jue2, and jue3 (Jensen et al., 2002), and 
others (Lee et al., 2003; Li et al., 2001; Li et al., 2002). The jar1 and  jin mutants 
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exhibit decreased sensitivity to JA; JAR1 encodes an enzyme with JA adenylation 
activity (Staswick et al., 2002), while JIN1 encodes a MYC transcription factor 
functional in JA signaling and ABA signaling and essential to JA-ET regulated defense 
responses (Abe et al., 2003; Anderson et al., 2004; Boter et al., 2004; Lorenzo et al., 
2004).  The coi1-1 mutant is male sterile, insensitive to JA, and lacks the expression of 
JA-induced genes (Benedetti et al., 1995; Feng et al., 2003; Feys et al., 1994; 
Penninckx et al., 1998; Xie et al., 1998). The identification of COI1 as an F-box 
protein pointed to the involvement of the ubiquitination pathway in JA signaling (Xie 
et al., 1998).  The F-box protein COI1 is able to associate with Arabidopsis SKP1-like 
proteins ASK1 and ASK2, AtCUL1, and RBX1 in planta (Xu et al., 2002). Here, we 
used a similar approach to carry out functional analysis of GmCOI1, which is isolated 
from soybean and highly homologous to the Arabidopsis COI1, and found that 
GmCOI1 is capable of substituting COI1 to mediate JA signaling in the coi1-1 mutant 
of Arabidopsis. 
 
In this study, GmCOI1 was isolated from soybean (Glycine max L.), which shares 
significant homology with the Arabidopsis COI1 sequence and also similarly contains 
an F-box motif and leucine rich repeats (LRR). To test whether the sequence 
homology and structural similarity are indicative of functional conservation, GmCOI1 
was expressed  in the Arabidopsis coi1-1 mutant, and found that GmCOI1 is capable of 
substituting COI1 and assembling into the SCF complexes to restore normal JA 
responses including JA-regulated plant defense and fertility in the coi1-1 mutant of 
Arabidopsis, suggesting a functional conservation of COI1 in soybean and Arabidopsis, 
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and implying a generic JA pathway with conserved signal components in different 
plant species.  
 
3.2 Results 
3.2.1 GmCOI1 is an F-box protein gene and is highly related to COI1   
To investigate the potential conservation of the COI1-mediated JA signal transduction 
in plant kingdom, a BLAST search was performed to identify the sequences highly 
homologous to COI1 in Genbank and the expressed sequence tags (ESTs) databases. 
As a result, soybean EST fragments that are highly identical to COI1 were identified, 
and the full coding sequence was obtained by screening the soybean cDNA library 
with the EST fragment as a probe and by sequencing these isolated cDNA clones 
(Figure 3).  Sequence analysis indicated that the identified gene is structurally similar 
to COI1 with both the F-box motif and the leucine rich repeats (LRR) domain; it shares 
significant identity (57.5% -71.1%) with COI1 (Xie et al., 1998) and with  LeCOI11 
(the tomato homologue of COI1) (Li et al., 2004) and OsCOI1 (Oryza sativa COI1) 
(the rice homologue of COI1)  (Figure 4); this gene is here referred to as GmCOI1 
(Glycine max L. COI1). In summary, GmCOI1 exhibits significant structural similarity 
and  high sequence homology with the Arabidopsis COI1, suggesting that GmCOI1 
may be a COI1-ortholog gene and bear COI1 function as an F-box protein assembled 





Figure 3. Complete nucleotide and amino acid sequence of GmCOI1. The peptide 
sequence is represented in capital letters. The blue color Indicates atg (M) location and 












Figure 4. Amino acid Sequence alignment among AtCOI1 AAB95729) and 
GmCOI1 (AAZ66745.1), LeCOI1 (AAR82925.1), and OsCOI1 (BAB84399). Black 
boxes represent identical residues. The F-box domain is marked with one single solid 
line, while the leucine rich repeats (LRR) domain is located between the two inverted 
arrows.
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3.2.2 Transient expression of GmCOI1 in coi1-1 restores COI1-dependent 
activation of the JA-responsive reporter Thi2.1:GUS 
In Arabidopsis, transient expression of COI1 is able to complement the coi1-1 
mutation (Xie et al., 1998) in activation of expression of many COI1-dependent genes 
such as Thi2.1, a gene that encodes an antimicrobial protein. To test whether the 
GmCOI1 is functionally similar to Arabidopsis COI1, GmCOI1, driven by the CaMV 
35S constitutive promoter (Figure 5A), was introduced into the coi1-1 plants 
transgenic for the Thi2.1 promoter-driven GUS reporter (refer as to coi1-1;Thi2.1:GUS) 
by particle bombardment (Xie et al., 1998).  Histochemical staining revealed sites of 
transformation as blue spots of GUS activity in leaves of the coi1-1;Thi2.1:GUS 
plants, indicating transient complementation of coi1-1 by the introduced genes (Xie et 
al., 1998).  The results shown in Figure 5B clearly demonstrated that GmCOI1, like 
COI1, was able to activate the Thi2.1 promoter to drive GUS expression in the coi1-
1;Thi2.1:GUS plants.  As expected, the control vector or the cloned coi1-1 mutant 
fragment failed to complement coi1-1 under the identical condition (Figure 5B, Xie et 
al., 1998). These results suggest that GmCOI1 is a functional ortholog to COI1 in 
activation of the COI1-dependent gene expression. 
 
3.2.3 Transgenic expression of GmCOI1 in coi1-1 restores normal JA sensitivity 
and male fertility 
To further investigate whether GmCOI1 is an ortholog of COI1 in all JA responses 
including JA sensitivity and male fertility, the stable transgenic coi1-1 plants 
expressing the Myc-tagged GmCOI1 (referred as coi1-1;GmCOI1) were created.  As 





Figure 5. Plasmid constructs and transient complementation of coi1-1 by GmCOI1.  
(A). Plasmid constructs. AtCOI1, GmCOI1, SF-CL, and CF-SL genes were driven by 
the CaMV 35S promoter. SF-CL consists of the F-box domain (F) from GmCOI1 and 
the LRR domain from COI1, whereas CF-SL contains the F-box domain from COI1 
and the LRR domain from GmCOI1. The AtCOI1, GmCOI1, SF-CL, and CF-SL were 
5’ myc tagged (m). The numbers indicate the locations of the amino acid residues. Nos, 
nopaline synthase terminator; NPTII, neomycin phosphotransferase II; LB, left border; 
RB, right border. The schematic diagram is not to scale.  
(B). Particle bombardment in the coi1-1 ;Thi2.1:GUS  plants with  the plasmid 
constructs described in (A). The vector (pMYC2) was used as a control. The blue spots 




 1998), the Myc-tagged GmCOI1 driven by the CaMV 35S constitutive promoter and 
other control constructs including empty vector and the Arabidopsis COI1 gene driven 
by the CaMV 35S promoter were first introduced into coi1-1 hetrozygous plants.  The 
coi1-1 homozygous mutant plants expressing the transgenes including GmCOI1 (coi1-
1;GmCOI1), vector (coi1-1:vector), and COI1 (coi1-1;COI1) were verified using the 
coi1-1 specific CAPs marker  (Xie et al., 1998) (Figure 6A) and then examined by 
Western blot analysis (Figure 6B).  Three independent coi1-1;GmCOI1 lines  (GMC1-
3) were used for further analysis.   
 
To verify the Thi2.1:GUS expression patterns from transient complementation shown 
in Figure 5B, the Thi2.1 promoter-driven GUS reporter (Thi2.1:GUS) from the 
Thi2.1:GUS transgenic plant (Xie et al., 1998)  was also introduced into the GMC1 
line (coi1-1;GmCOI1) as well as the control lines VEC1 (coi1-1:vector) and the ARC1 
line (coi1-1;COI1) via genetic crossing.  As shown in Figure 6C, the Thi2.1:GUS  
activities were clearly detected in  the coi1-1;GmCOI1;Thi2.1:GUS  plants (GMC1) 
and  the coi1-1;COI1;Thi2.1:GUS  plants (ARC1) but not in the coi1-1;vector; 
Thi2.1:GUS  plants (VEC1), consistent with the data shown in Figure 5B.  
 
To further examine whether the Thi2.1:GUS expression patterns are indicative of 
expression of endogenous Thi2.1 gene in planta, the Thi2.1 transcript level was 
analyzed using Northern hybridization.  As shown in Figure 7, the Thi2.1 transcripts 
were accumulated upon JA induction in the GMC1 line (coi1-1;GmCOI1) but not in 
the control line VEC1 (coi1-1:vector), consistent with the Thi2.1:GUS expression 





Figure 6. Transgenic expression of GmCOI1, SF-CL, and CF-SL in the 
Arabidopsis coi1-1 mutant restores normal JA signaling. (A) The plants (indicated 
as ARC1, GMC1, SFCL1, and CFSL1) transgenic for the constructs respective 
containing Myc-COI1, GmCOI1, SF-CL, and CF-SL. Genes were homozygous for 
coi1-1 revealed by the coi1-1 specific CAPs marker. WT (Arabidopsis columbia) and 
the coi1-1 mutant transgenic for the vector pMYC2 (VEC1) were used as controls. (B) 
Western analysis of the transgenic plants ARC1, VEC1, GMC1, SFCL1, and CFSL1 
using anti–Myc antibody.  The ARC1 was used as the positive control, and the VEC1 
was used as the negative control. The ASK1 protein detected by the anti–ASK1 
antibody was used as the loading control. (C) The coi1-1 plants transgenic for the 














Figure 7.  Northern blot analysis of transgenic plants. The MeJA treated (+) or 
untreated (-) transgenic plants ARC1, VEC1, GMC1, SFCL1, CFSL1, GMC2, and 
GMC2 were homozygous for coi1-1 and were probed with PDF1.2, Thi2.1, and AtVSP, 
respectively. 18SrRNA or 28S rRNA was provided as the loading control.  
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that GmCOI1 could functionally substitute COI1 to mediate the expression of other 
JA-responsive genes including PDF1.2 and AtVSP (Figure 7). Similar results were 
obtained from other independent transgenic GMC2 and GMC3 lines (Figure 7).  These 
results indicated that GmCOI1 is able to functionally substitute COI1 and mediate the 
expression of JA-responsive genes in Arabidopsis.    
 
As assayed for MeJA-inhibitory root growth, three GMC lines (coi1-1;GmCOI1) all 
exhibited MeJA sensitivity at the level similar to the ARC1 line (coi1-1;COI1), 
whereas the VEC1 line (coi1-1;vector) was resistant to MeJA (Figure 8), 
demonstrating that the GmCOI1 is able to fully substitute Arabidopsis COI1 to mediate 
MeJA sensitivity.  
 
The coi1-1 mutant is deficient in the production of viable pollen grains causing male 
sterility (Feys et al., 1994; Xie et al., 1998), we therefore examined whether GmCOI1 
is able to functionally complement the defects of pollen development in coi1-1.   Three 
GMC lines (coi1-1;GmCOI1), similar to ARC1 line (coi1-1;Myc-COI1), were able to 
produce viable pollen grains and generated fertile siliques, the data for the GMC1 line 
was shown in Figure 9. These results demonstrate functional conservation of COI1 and 
GmCOI1 in modulation of pollen development. 
 
3.2.4 Transgenic expression of GmCOI1 in coi1-1 restores plant defense 
The coi1-1 mutations were previously found to cause loss of plant defense responses 
(McConn et al., 1997; Stintzi et al., 2001; Vijayan et al., 1998).  To test whether 







Figure 8. Phenotypes of transgenic plants on MeJA medium and MeJA inhibition 
of root elongation in transgenic plants. Phenotypes of 9-day-old seedlings grown on 
the MS medium or the medium containing 25 µM MeJA (top panel). The red bars 
represent 1 cm. The bottom panel represents MeJA dose-response curve of root growth. 
Root length of the indicated seedlings grown on medium containing various MeJA (0, 
5, 10, 25, 50 or 80 µM) for 9 days was expressed as a percentage of root length grown 
on MS.  Each data point is the mean of >30 samples. The experiment was repeated 














Figure 9. The Myc-COI1, GmCOI1, SF-CL, and CF-SL transgenes restored 
fertility in coi1-1. The white arrows (top panel) indicate the viable pollen grains in 
anthers from the transgenic plants indicated as ARC1, VEC1, GMC1, SFCL1, and 
CFSL1, which were stained with 1% fluorescein diacetate and visualized under 
fluorescence microscopy. The red arrows (bottom panel) indicate fertile siliques from 




mutant plants, the fungus Botrytis cinerea was inoculated onto the coi1-1 plants, 
transgenic for GmCOI1 (coi1-1;GmCOI1), the Myc-tagged Arabidopsis COI1 (coi1-
1;Myc-COI1), and vector (coi1-1;vector).  As expected, all the seedlings from VEC1 
(coi1-1;vector) were dead (100%) 14 days after pathogen inoculation, whereas the 
ARC1 line (coi1-1;Myc-COI1) was resistant to these pathogens exhibiting only ~5% 
death rate under identical treatment (Figure 10A).  The coi1-1;GmCOI1 transgenic 
lines all displayed disease resistance by showing only 4.5% death rate similar to that of 
coi1-1;Myc-COI1 (ARC1),  the results from GMC1 was shown in Figure 10A.  
Consistent with the phenotypes of disease resistance, expression of the defense-related 
genes, such as the plant defensin PDF1.2 upon pathogen inoculation was observed in 
the coi1-1;GmCOI1 and coi1-1;Myc-COI1 transgenic plants but not in the coi1-
1;vector plants (the results from GMC1, ARC1, and VEC1 was representatively shown 
in Figure 10B).   These data suggest that the GmCOI1 fully restores the plant defense 
in the Arabidopsis coi1-1 mutant plants.   A similar conclusion was reached when the 
plant resistance against bacterium Erwinia carotovora was tested (Figure 11A and 
11B). 
 
3.2.5 Domain swapping of the F-box motif and the LRR domain between COI1 
and GmCOI1  
GmCOI1 is speculated to encode an F-box protein that is structurally similar with 
COI1 containing an F-box motif and LRR domains (Figure 4).  To further analyze the 
functional conservation of their F-box and LRR domains, the F-box motif of GmCOI1 






Figure 10. Transgenic expression of GmCOI1, SF-CL, and CF-SL in the  
Arabidopsis coi1-1 mutant restores JA-regulated defense responses for the fungal  
pathogen Botrytis cinerea.  
(A) Two-week-old seedlings were inoculated with fungus Botrytis cinerea (B.c) or  
1% (w/v) D-Glucose (CK), and photographed at the 14th day after inoculation. The 
percent numbers indicate the death rate for each transgenic line.  
(B) Northern blot analysis of the expression of PDF1.2 in the indicated transgenic 
lines inoculated without (-) or with (+) Botrytis cinerea (B.c). Total RNA was provided 







Figure 11. Transgenic expression of GmCOI1, SF-CL, and CF-SL in the 
Arabidopsis coi1-1 mutant restores JA-regulated defense responses for the 
bacterium pathogen Erwinia carotovora.  
(A) Three-week-old seedlings were inoculated with bacterium Erwinia carotovora (E.c) 
or LB medium (CK), and photographed at the 14th day after inoculation. The percent 
numbers indicate the death rate for each transgenic line.  
(B) Northern blot analysis of the expression of PDF1.2 in the indicated transgenic 
lines inoculated without (-) or with (+) E.c. Total RNA was stained with ethidium 





gene designated as SF-CL (GmCOI1 F-box -COI1 LRR), the Arabidopsis COI1 F-box 
motif was also swapped with that of GmCOI1 to generate chimerical gene designated 
as CF-SL (COI1 F-box -GmCOI1 LRR) (Figure 5A). Similar to generation and 
characterization of coi1-1;GmCOI1 transgenic plants, the coi1-1 transgenic plants 
expressing the SF-CL and CF-SL chimerical genes were created, which were 
designated as coi1-1;SF-CL and coi1-1;CF-SL, respectively. Three independent lines 
for each transgenes (SFCL1-3 for coi1-1;SF-CL, and CFSL1-3 for coi1-1;CF-SL ) 
were used for further analysis shown below, and found to display similar results.  The 
data from the transgenic lines SFCL1 and CFSL1 were therefore shown in Figure 6-11.  
 
As assayed for JA inducible gene expression revealed by Northern blot analysis 
(Figure 7), and for JA inhibitory effect on root elongation (Figure 8), pollen 
development and plant fertility (Figure 9), SF-CL and CF-SL were found to 
complement the coi1-1 mutation. When assayed for resistance against the fungus 
Botrytis cinerea (Figure 10A) and against the bacterium Erwinia carotovora (Figure 
11A), the coi1-1;SF-CL and coi1-1;CF-SL transgenic plants exhibited resistance, 
though resistance level is lower than that conferred by Myc-COI1 or GmCOI1.  
Consistently, the plant defensin PDF1.2 transcripts upon pathogen infection were 
accumulated in the coi1-1;SF-CL and coi1-1;CF-SL transgenic plants (Figure 10B and 
11B), though at lower level than that in the coi1-1;Myc-COI1 or coi1-1;GmCOI1 
plants (Figure 10 and 11). These results further demonstrate the functional 
conservation of the F-box and LRR domains in the GmCOI1 and Arabidopsis COI1. 
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3.2.6 Formation of GmCOI1-containing SCF complexes  
The F-box protein COI1 was found to interact with the Arabidopsis SKP1-like proteins 
ASK1 and ASK2 in the yeast two-hybrid system, and to associate with AtCUL1, and 
ASK1 or ASK2, assembling the SCFCOI1 complexes that mediate JA signal 
transduction in Arabidopsis (Xu et al., 2002).  To test whether GmCOI1 in Arabidopsis 
is able to form SCF complexes similar to SCFCOI1, the yeast two-hybrid system and 
coimmunoprecipitation assay were performed to examine the interaction of GmCOI1 
with SCF components. As shown in Figure 12A, the soybean COI1 was also able to 
interact with Arabidopsis ASK1 and ASK2 in the yeast two-hybrid system, which is 
similar to the interaction of COI1 with ASK1 and ASK2. As revealed by 
coimmunoprecipitation assay, the GmCOI1 was found to associate with AtCUL1, 
RBX1, and ASK1 to form SCF complexes in the coi1-1;GmCOI1 transgenic plants 
(Figure 12B). These data demonstrate that GmCOI1 is capable of substituting COI1 
and assembling into the SCF complexes in Arabidopsis, suggesting that the COI1 
orthologues may mediate JA responses in different plant species via SCF formation 
similar to SCFCOI1.  
 
3.3 Discussion 
The model organism Arabidopsis has been used as a powerful system to study 
homologous genes from other species through ectopic expression, particularly, the 
availability of many well-characterized Arabidopsis mutants offered a unique 
opportunity to investigate the predicted function of the homologous genes from other 
species via heterologous expression.  This approach has been successfully used for 






Figure 12. Formation of GmCOI1-containing SCF complexes. (A) GmCOI1 
interacts with ASK1 and ASK2 in the yeast two-hybrid system.  1: pLexA-
COI1/pB42AD-ASK1; 2: pLexA-GmCOI1/pB42AD-ASK1; 3: pLexA-
COI1/pB42AD-ASK2; 4: pLexA-GmCOI1 /pB42AD-ASK2; 5: pLexA-
COI1/pB42AD; 6: pLexA-GmCOI1/pB42AD.  Positive interaction of the indicated 
proteins was revealed by blue color of the colonies showing positive β-galactosidase 
activity. (B) Coimmunoprecipitation assays. Protein extracts from the indicated coi1-1 
transgenic plants ARC1, VEC1, and GMC1 respectively expressing Myc-tagged COI1, 
the vector pMYC2, and Myc-tagged GmCOI1 (indicated at the right side) were 
immunoprecipitated (IP) with anti–Myc antibody. The resulting immunoprecipitates 
were analyzed by Western blotting probed with the antibodies anti–Myc, anti–AtCUL1, 
anti-ASK1, and anti–RBX1 (indicated at left side). The VEC1 was used as control to 
demonstrate the specificity of coimmunoprecipitation assays. Total protein extract 
respective from ARC1, VEC1, and GMC1 was loaded as control. Hc: immunoglobulin 
heavy chain; Lc: immunoglobulin light chain.  
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 CTR1 essential for ET signal transduction, which was expressed in the ET-response-
deficient mutant ctr1-1 of Arabidopsis and found to be capable of restoring normal ET 
signaling (Leclercq et al., 2002). Here, a similar approach was used for functional 
analysis of GmCOI1, which was isolated from soybean and highly homologous to the 
Arabidopsis COI1. In this study, GmCOI1 from soybean was demonstrated to be able 
to substitute COI1 and mediate JA-regulated plant defense and fertility in Arabidopsis. 
 
F-box proteins are generally composed of a conserved F-box motif at N-termini and a 
protein-protein interaction motif such as LRR, WD40 or Kelch repeats at C-termini 
and have been widely identified in mammals, plants, and yeast (Deshaies, 1999; 
Hershko et al., 1998).  In Arabidopsis, nearly 700 potential F-box genes have been 
identified (Gagne et al., 2002). Several F-box genes have also been characterized in 
other plant species including rice (Sasaki et al., 2003), tomato (Li et al., 2004), 
Antirrhinum (Lai et al., 2002; Simon et al., 1994), pea (Taylor et al., 2001), Lotus 
(Zhang et al., 2003), almond, and cherry (Entani et al., 2003; Ushijima et al., 2003; 
Yamane et al., 2003).   However, there is no information regarding molecular cloning 
of F-box genes in soybean.  In this work, for the first time, an F-box gene (GmCOI1) 
was isolated from soybean; this is also first time that a homologue of COI1 from 
another plant species has been shown to be involved in JA signaling in Arabidopsis. 
Through transient and/or transgenic expression of GmCOI1, the soybean gene has been 
functionally demonstrated to be the homologue of COI1. In the JA-response-deficient 
mutant coi1-1 of Arabidopsis, it was found that GmCOI1 is capable of complementing 
the coi1-1 mutation and restoring normal JA responses including plant defense and 
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fertility. These results suggest that GmCOI1 is functionally conserved with the COI1, 
implying that COI1-mediated JA signaling pathways are likely to be conserved in 
different plant species.  This finding is in good agreement with the previous studies 
that the JA biosynthesis and inducible genes are quite conserved in different plant 
species (Ha et al., 2002; Harms et al., 1995; Itoh et al., 2002; Kubigsteltig et al., 1999; 
Sivasankar et al., 2000; Berger et al., 1995; Cordero et al., 1994; Jwa et al., 2001; 
Manners et al., 1998; Mason et al., 1990; Rakwal et al., 2000; Santamaria et al., 2001; 
Vignutelli et al., 1998 ). 
 
Despite the functional conservation, developmental and evolutionary modification 
among different plant species may influence JA responses and alter biological 
functions for the homologous genes of COI1 in the corresponding host plant.  It is 
noticeable to point out a discrepancy in JA responses between Arabidopsis and tomato.  
The Arabidopsis mutants defective in JA biosynthesis (fad3-2 fad7-2 fad8, dad1, 
dde1/opr3) or signaling (coi1-1) are male sterile (Feys et al., 1994; Ishiguro et al., 
2001; McConn et al., 1996; Sanders et al., 2000; Stintzi et al., 2001), whereas tomato 
mutants apparently defective in JA biosynthesis (def-1, spr-1, spr-2) or signaling (jai1) 
are male fertile (Lee et al., 2003; Li et al., 2001; Li et al., 2002), suggesting that the 
Arabidopsis COI1 partner, which is essential for pollen development, may be altered in 
tomato, and other specific components/signal pathways have been evolutionarily 
developed to mediate pollen development in tomato.  Indeed the recently identified 
tomato homologue of COI1 (LeCOI1) from the mutant jai1 is essential for JA-
regulated gene expression and defense response, but is not necessary for pollen 
development (Li et al., 2004).  It was reported that the jai1 mutant exhibited reduced 
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pollen viability, and the sterility was caused by a defect in the maternal control of seed 
maturation, which was associated with the loss of accumulation of JA-regulated 
proteinase inhibitor proteins in reproductive tissues (Li et al., 2001; Li et al., 2004). 
Recently, a rice mutant hebiba was found to display impaired induction of the JA 
pathway and exhibit male sterility (Riemann et al., 2003), suggesting that the COI1-
regulated pollen fertility might be conserved in rice and Arabidopsis.  Identification 
and characterization of rice mutant with mutation in OsCOI1 would further test the 
possible conservation in JA responses between rice and Arabidopsis. 
 
The SCF complex is composed of four subunits: Cullin/Cdc53, SKP1, 
RBX1/ROC1/HRT1, and a variable component F- box protein (Deshaies, 1999; 
Hershko et al., 1998). Except for this structural conservation, the homologues of the 
SCF core components from different species are likely conserved in the basic function.  
For example, disruption of Cullin caused similar developmental defects in 
embryogenesis in mouse (Dealy et al., 1999; Wang et al., 1999) and Arabidopsis (Shen 
et al., 2002; Ren et al., 2005), yet there were some differences due to evolutionary 
modification.  It is interesting to know whether the homologues of F-box genes from 
different species share similar functions.  Several homologues of F-box genes among 
the plant species have been characterized: the Arabidospsis UFO gene (Samach et al., 
1999) shares conserved function with the UFO orthologues from pea (Taylor et al., 
2001), Antirrhinum (Ingram et al., 1997; Simon et al., 1994), and Lotus (Zhang et al., 
2003); The F-box gene GID2 from rice and its homologous gene from Arabidopsis 
(SLY1) exhibited similar function in GA signaling (McGinnis et al., 2003; Sasaki et al., 
2003); OsRALyase1, a putative F-box protein from rice, displayed identical enzyme 
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activity as wheat RALyase did (Ito et al., 2002; Ogasawara et al., 1999); The 
homologous F-box genes from the rosaceous species almond and Antirrhinum, and 
three species of cherry, Prunus cerasus, P. avium, and P. mume all defined the self-
incompatibility locus (Entani et al., 2003; Lai et al., 2002; Ushijima et al., 2003; 
Yamane et al., 2003).  In this study, restoration of normal JA-regulated plant defense 
and fertility by the soybean F-box protein GmCOI1 in Arabidopsis coi1-1 mutant 
plants, provides a clue that COI1 may be functionally conserved in Arabidopsis and 
soybean.  The results that GmCOI1 interacted with the Arabidopsis COI1-associated 
proteins and assembled into SCF complex in Arabidopsis indicate that the COI1 
homologues mediate JA responses probably via SCF complexes in various plant 
species, although the potential differences are not excluded.   Combined with the data 
from other plant F-box homologous genes characterized, these results indicate a 
possibility that homologous F-box genes from different plant species might also share 
similar basic functions. This notion will be determined via further characterization of 




Ectopic expression of LeCOI1, the tomato homolog of CORONATINE-
INSENSITIVE1, shows ability to mediate jasmonate-regulated male fertility and 
defense in Arabidopsis 
 
4.1 Introduction 
 Genetic analysis has been instrumental in elucidating the function of JA in 
Arabidopsis development. Three classes of mutants modulating the JA-signaling 
pathway in Arabidopsis have been identified, including mutants with reduced 
sensitivity to JA (axr1, coi1, jai3, jai4/sgt1b, jar1/jin4/jai2, jin1/jai1, jue1-3, oji1, 
mpk4), mutants with constitutive JA response (cas1, cet1-9, cev1, cex1, joe1, joe2), 
and one suppressor of JA-related defects in coi1 (cos1) (Staswick et al., 1992; Feys et 
al., 1994; Berger et al., 1996; Xie et al.,  1998; Petersen et al., 2000; Ellis et al., 2001; 
Hilpert et al., 2001; Xu et al., 2001; Ellis et al., 2002; Jensen et al., 2002; Tiryaki et al., 
2002; Xu et al.,  2002; Kanna et al., 2003; Kubigsteltig et al., 2003; Lorenzo et al., 
2004; Xiao et al., 2004).  
 
Analysis of mutants defective in JA biosynthesis or signaling from Arabidopsis and 
tomato has shown further discrepancies in these two species. Arabidopsis mutants 
defective in JA biosynthesis (fad3-2 fad7-2 fad8, opr3/dd1, dde2-2, dad1) or signaling 
(coi1) are impaired in defense responses and are male sterile (Feys et al., 1994; 
McConn et al., 1996; Vijayan et al., 1998; Sanders et al., 2000; Stintiz et al., 2000; 
Ishiguro et al., 2001; Park et al., 2002; von Malek et al 2002), whereas tomato mutants 
apparently in JA biosynthesis (def1, acx1, spr2 ) or signaling  (jai1) have deficient 
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defenses but are male fertile (Howe et al., 1996; Li et al., 2001; Li et al., 2004; Li et al., 
2002; Strassner et al., 2002; Li et al., 2005). These data suggested that there are 
species-specific differences in the JA signaling pathway between Arabidopsis and 
tomato. 
 
jai1 (jasmonic acid–insensitive 1) plants defective in LeCOI1 exhibited several 
defense-related phenotypes, including the inability to express JA-responsive genes, 
severely compromised resistance to two-spotted spider mites, and abnormal 
development of glandular trichomes. Interestingly, although the jai1 mutant exhibited 
reduced pollen viability, sterility was caused by a defect in the maternal control of seed 
maturation, which was associated with the loss of accumulation of JA-regulated 
proteinase inhibitor proteins in reproductive tissues. Apparently, unlike Arabidopsis, 
COI1 function is not absolutely required for male fertility in tomato (Li et al., 2001; Li 
et al., 2004). The identification of the tomato LeCOI1 facilitates to extend our 
understanding of the JA signaling pathway. 
 
Recently, a COI1 homologue in soybean (GmCOI1) was isolated and the results 
demonstrated that the soybean F-box protein gene GmCOI1 is able to mediate JA-
regulated plant defense and fertility in Arabidopsis, which implies a generic JA 
pathway with conserved signal components in different plant species (Wang et al., 
2005; see also Chapter 3). To directly investigate whether the discrepancy in the JA 
signal pathway between Arabidopsis and tomato is due to species-specific differences 
and especially to identify whether LeCOI1 orinigally has the potential function for 
male fertility, tomato LeCOI1 was ectopically expressed in the Arabidopsis coi1-1 
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mutant. The results showed that the transgenic coi1-1 plants with expression of the 
LeCOI1 gene partially restore JA-regulated inhibition of root elongation, JA-induced 
gene expression, and JA-mediated defenses. Significantly, transgenic expression of 
LeCOI1 in the Arabidopsis coi1-1 mutant completely restored male fertility. These 
results suggested that tomato LeCOI1 and Arabidopsis COI1 are functionally 
conserved, that the discrepancy of JA signaling pathway between tomato and 
Arabidopsis is due to species-specific differences, and that the reproduction  process 
could be more conserved than defense responses in the plant kingdom.    
 
4.2 Results 
4.2.1 LeCOI1 shares high homology with Arabidopsis COI1 and is recognized by 
the anti-COI1 antibody 
Previous studies identified two COI1 homologues LeCOI1 and GmCOI1 from tomato 
and soybean, respectively (Li et al., 2004; Wang et al., 2005). Sequence analysis 
indicated that LeCOI1 and GmCOI1 are structurally similar to COI1 having both the 
F-box motif and the leucine rich repeats (Figure 4). Phylogenetic analysis of GmCOI1, 
LeCOI1, and OsCOI1 (the rice homologue of COI1) with Arabidopsis COI1 (AtCOI1) 
displayed their relationship to Arabidopsis is GmCOI1>LeCOI1>OsCOI1 (Figure 
13A), which is consistent to traditional classification. DNA gel blot analysis from a 
previous report showed that there is only one copy of LeCOI1 in the genome of tomato, 
which is similar to that of COI1 in Arabidopsis (Li et al, 2004; Xie et al., 1998). To 
test whether the sequence homology and structural similarity are indicative of 
functional conservation, LeCOI1 was detected using the anti-COI1 antibody. The 
results showed that the anti-COI1 antibody could successfully recognize tomato 
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LeCOI1 (Figure 13B), suggesting a possibly functional conservation between 
Arabidopsis COI1 and tomato LeCOI1. As the positive control, the wild type Col-gl 
exhibited one 66 kD band when detected with anti-COI1, whereas no band was 
detected in the coi1-1 mutant, which was displayed as the negative control (Figure 
13B). 
 
4.2.2 Transient expression of LeCOI1 in coi1-1 restores COI1-dependent 
activation of the JA-responsive reporter Thi2.1:GUS 
In Arabidopsis, transient expression of COI1 is able to complement the coi1-1 
mutation (Xie et al., 1998) in activation of expression of many COI1-dependent genes 
such as Thi2.1, a gene that encodes an antimicrobial protein. To test whether the 
LeCOI1 is functionally similar to COI1, LeCOI1, driven by the CaMV 35S constitutive 
promoter (Figure 14A), was introduced into the coi1-1 plants transgenic for the Thi2.1 
promoter-driven β-glucuronidase gene (GUS) reporter (refer as to coi1-1;Thi2.1:GUS) 
by particle bombardment (Xie et al., 1998). This approach has been successfully used 
to study a functional conservation of GmCOI1 with Arabidopsis COI1 in our recent 
work (Wang et al., 2005; Figure 5). Histochemical staining revealed sites of 
transformation as blue spots of GUS activity in leaves of the coi1-1;Thi2.1:GUS plants, 
indicating transient complementation of coi1-1 by the introduced genes (Xie et al., 
1998). The results shown in Figure 14B clearly demonstrated that LeCOI1, like COI1, 
was able to activate the Thi2.1 promoter to drive GUS expression in the coi1-
1;Thi2.1:GUS plants. As expected, the control vector or the cloned coi1-1 mutant 








Figure 13. Phylogenetic analysis of COI1 homologs and detection of LeCOI1 in  
tomato using the anti-COI1 antibody.  
(A) Phylogenetic analysis of AtCOI1 (AAB95279.1), GmCOI1 (AAZ66745.1), 
LeCOI1 (AAR82925.1), and OsCOI1 (BAD81943.1). AtCOI1, GmCOI1, LeCOI1, 
and OsCOI1 represent the COI1 homolog from Arabidopsis, soybean, tomato, and rice, 
respectively, and phylogenetic analyses of the amino acid sequences were carried out 
by MegAlign. The scale bar indicates the distance in numbers of amino acid 
substitutions per site.  
(B) anti-COI1 can recognize LeCOI1 from tomato. Total proteins extracted 
respectively from the wild type Col-gl, the mutant coi1-1, and tomato were probed 
with the anti-COI1 antibody. The actin protein detected by the anti-actin antibody was 








Figure 14. Plasmid constructs and transient complementation of coi1-1 by 
LeCOI1.  
(A) Plasmid constructs. AtCOI1 and LeCOI1 genes were driven by the CaMV 
35S promoter. a, b, and c represent the construct from the pROK2 vector, pROK2- 
AtCOI1, and pROK2-LeCOI1, respectively. Nos, nopaline synthase terminator; NPTII, 
neomycin phosphotransferase II;   LB, left border; RB, right border. The schematic 
diagram is not to scale.  
(B) Particle bombardment in the coi1-1;Thi2.1:GUS plants with the plasmid constructs  
AtCOI1 and LeCOI1 described in A. The vector pROK2 was used as a control. The  





al., 1998). These results suggest that LeCOI1 is a functional ortholog of COI1 in 
activation of the COI1-dependent gene expression. 
 
4.2.3 Transgenic expression of LeCOI1 in coi1-1 partially restores JA-regulated 
inhibition of root elongation and JA-induced expression of PDF1.2, Thi2.1, and 
AtVSP  
To further investigate whether LeCOI1 is functionally similar to COI1 in all JA 
responses including JA sensitivity and male fertility, the stable transgenic coi1-1 plants 
expressing LeCOI1 (refer as to coi1-1;LeCOI1) were created. As coi1-1 homozygous 
mutant plants are not suitable for plant transformation (Xie et al., 1998), LeCOI1 
driven by the CaMV 35S constitutive promoter and other control constructs including 
empty vector and COI1 driven by the CaMV 35S promoter were first introduced into 
COI1/coi1-1 hetrozygous plants. The coi1-1 homozygous mutant plants expressing the 
transgenes including LeCOI1 (coi1-1;LeCOI1), vector (coi1-1;vector), and COI1 
(coi1-1;COI1) were verified using the coi1-1 specific CAPs marker (Xie et al., 1998) 
(Figure 15A). Three independent transgenic lines with similar results were obtained 
from coi1-1;LeCOI, coi1-1;vector, and coi1-1;COI1, respectively. Here, just one line 
from each control construct, namely the ATC1 line for coi1-1;COI1, the VEC1 line for 
coi1-1;vector, was displayed. Three different LEC lines for coi1-1;LeCOI1 (LEC1, 
LEC2, and LEC3) were used for analysis in the following experiments. 
 
To further examine whether the Thi2.1:GUS expression patterns (Figure 14B) are 
indicative of expression of endogenous Thi2.1 gene in planta, the Thi2.1 transcript 







Figure 15. Determination of genotypes from transgenic plants by PCR and  
detection of JA-induced gene expression from transgenic plants by Northern 
analysis.  
(A) The transgenic plants indicated as ATC1, VEC1, LEC1, LEC2, and LEC3 were  
homozygous for coi1-1 revealed by the coi1-1 specific CAPs marker. The transgenic 
lines ATC1, VEC1, and three LEC lines (LEC1, LEC2, and LEC3) represent the coi1-
1 plants transgenic for the constructs pROK2-AtCOI1, pROK2, and pROK2-LeCOI1, 
respectively.  
(B) Transgenic expression of LeCOI1 in coi1-1 activates JA-responsive genes PDF1.2,  
Thi2.1, and AtVSP. MeJA treated (+) or untreated (-) transgenic lines ATC1, VEC1,  
LEC1, LEC2,  and LEC3  were probed respective with PDF1.2, Thi2.1, and AtVSP by  
Northern analysis. Total RNA was provided as the loading control. 
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transcripts were accumulated upon MeJA induction in three LEC lines (coi1-1;LeCOI1) 
but not in the control line VEC1 (coi1-1;vector), with a lower expression level 
compared to the ATC1 line (coi1-1;COI1). Moreover, Northern blot analysis revealed 
that LeCOI1 could mediate the expression of other JA-responsive genes including 
PDF1.2 and AtVSP (Figure 15B). Three LEC lines displayed a similar expression level 
of AtVSP as ATC1 did, whereas the LEC lines exhibited a lower expression level of 
PDF1.2 compared to the ATC1 line. These results indicated that LeCOI1 is able to 
mediate the expression of JA-responsive genes in Arabidopsis. 
 
As assayed for MeJA-inhibitory root growth, the LEC1 line exhibited reduced 
insensitivity to MeJA, whereas the VEC1 line was resistant to MeJA and the ATC1 
line was sensitive to MeJA (Figure 16A). To further confirm the MeJA-effect of the 
LEC1 line, we measured the root length of seedlings grown on MS medium 
supplemented with various concentrations of MeJA (0, 5, 10, 25, 50, and 100 µM). 
~71%, ~12%, and ~38-39% inhibition on root elongation by 50 µM MeJA was 
observed for ATC1, VEC1, and three different LEC lines (LEC1, LEC2, and LEC3), 
respectively (Figure 16B). These results showed that transgenic expression of LeCOI1 
in the Arabidopsis coi1-1 mutant partially restores JA-inhibition of root elongation. 
 
4.2.4 Transgenic expression of LeCOI1 in coi1-1 completely restores male fertility 
The coi1-1 mutant is deficient in the production of viable pollen grains causing male 
sterility (Feys et al., 1994; Xie et al., 1998), therefore it is necessary to test whether 
LeCOI1 is able to functionally complement the defects of pollen development in coi1-





Figure 16. Transgenic expression of LeCOI1 in coi1-1 partially restores MeJA-
mediated inhibition of root elongation. (A) Phenotypes of 9-day-old seedlings grown 
on the MS medium or the medium containing 25 µM MeJA. (B) MeJA dose-response 
curve of root growth. Root length of the indicated seedlings grown on medium 
containing various MeJA (0, 5, 10, 25, 50 or 100 µM) for 9 days was expressed as a 
percentage of root length grown on MS. Each data point is the mean of >30 samples. 
The experiment was repeated three times. Error bars represent SD (n>30). 
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LEC lines (coi1-1;LeCOI1) were examined. The results showed that all LEC lines 
(LEC1, LEC2, and LEC3) displayed similar flower structures like the ATC1 line. For 
example, the LEC lines had similar filament elongation like the ATC1 line, whereas 
the filament development of the VEC1 line was delayed (Figure 17A). Then the pollen 
development from these transgenic plants was tested, and it was found that three 
different LEC lines (coi1-1;LeCOI1), similar to ATC1 line (coi1-1;COI1), were able to 
produce viable pollen grains and generated fertile siliques (Figure 17B and 17C). 
Furthermore, Western blot analysis was performed to detect protein expression in 
ATC1, VEC1, LEC1, LEC2, and LEC3. The results showed that three LEC lines 
successfully expressed LeCOI1, although their expression level was lower than that of 
tomato plants (Figure 17D). It is notable to point out that LeCOI1 is not required for 
male fertility but for the maternal control of seed maturation in tomato (Li et al., 2001; 
Li et al., 2004). Interestingly, transgenic expression of LeCOI1 in coi1-1 completely 
restores male fertility in Arabidopsis (Figure 17A-C). These results demonstrate 
functional conservation of COI1 and LeCOI1 in modulation of pollen development, 
although their function exhibits species-specific differences in these two species. 
 
4.2.5 Transgenic expression of LeCOI1 in the coi1-1 mutant partially restores the 
JA-mediated defense 
The coi1-1 mutation was previously found to cause loss of plant defense responses and 
a previous study demonstrated that the coi1 mutant shows enhanced susceptibility to 
infection by the fungal pathogen Botrytis cinerea (McConn et al., 1997; Thomma et al., 
1998; Vijayan et al., 1998; Stintzi et al., 2001). To test whether LeCOI1 is able to 
restore JA-regulated defense responses in the Arabidopsis coi1-1 mutant plants, the   
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Figure 17. Transgenic expression of LeCOI1 in coi1-1 completely restores 
male fertility. (A) Comparison of flower structures from transgenic plants 
ATC1, VEC1, and three different LEC lines (LEC1, LEC2, and LEC3). (B) 
Phenotypes of pollen grains and anthers from transgenic plants. The arrows 
indicate the viable pollen grains in anthers from the transgenic plants indicated, 
which were stained with 1% fluorescein diacetate and visualized under 
fluorescence microscopy. (C) Phenotypes of siliques and flowers from 
transgenic plants. The arrows indicate fertile siliques from the plants described. 
The bar represents 1 cm. (D) Western analysis of the transgenic plants using 
the anti-COI1 antibody. The coi1-1 mutant transgenic for the vector and tomato 
plants was used as controls. The actin protein detected by the anti-actin 
antibody was used as loading control. The star represents non-specific band.  
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fungus Botrytis cinerea was inoculated onto the coi1-1 plants transgenic for LeCOI1 
(coi1-1;LeCOI1), the Arabidopsis COI1 (coi1-1;COI1), and vector (coi1-1;vector). As 
expected, all the seedlings from VEC1 (coi1-1;vector) were dead (100%) 14 days after 
pathogen inoculation, whereas the ATC1 line (coi1-1;COI1) was resistant to these 
pathogens exhibiting only ~5.24% death rate under identical treatment (Figure 18A). 
Significantly, the coi1-1;LeCOI1 transgenic lines (LEC1, LEC2, and LEC3) all 
displayed disease resistance by showing ~50.38-54.76% death rate, an intermediated 
value between ATC1 and VEC1 (Figure 18A). Consistent with the phenotypes of 
disease resistance, expression of the defense-related genes, such as the plant defensin 
PDF1.2, upon pathogen inoculation was observed in the coi1-1;LeCOI1 and coi1-
1;COI1 transgenic plants but not in the coi1-1;vector plants. The results from ATC1, 
VEC1, LEC1, LEC2, and LEC3 was representatively shown in Figure 18B, displaying 
a lower expression level of PDF1.2 in the coi1-1;LeCOI1 transgenic plants (LEC1, 
LEC2, and LEC3) than that in the coi1-1;COI1 transgenic plants (ATC1). These data 
suggest that the LeCOI1 partially restores the plant defense against B. cinerea in the 
Arabidopsis coi1-1 mutant plants. 
 
The plant bacterial pathogen Erwinia carotovora was shown to induce expression of 
defense genes dependent on the functional COI1 (Norman-Setterblad et al., 2000). To 
investigate whether LeCOI1 exhibits defense against Erwinia carotovora, the coi1-1 
plants transgenic for LeCOI1 (coi1-1;LeCOI1), the Arabidopsis COI1 (coi1-1;COI1), 
and vector (coi1-1;vector) were inoculated with Erwinia carotovora strain SCG1. At 
the third day, the infected rate of leaves from the coi1-1;LeCOI1,  coi1-1;COI1, and 







Figure 18. Transgenic expression of LeCOI1 in coi1-1 partially restores the JA- 
mediated defense against the fungal pathogen Botrysis cinerea. Two-week-old  
seedlings were inoculated with fungus Botrytis cinerea (B. c) or 1% D-Glucose. The  
death rate of ATC1, VEC1, LEC1, LEC2, and LEC3 when inoculated with B. c is 
about 5.24±1.27%, 100±0%, 54.76±3.48, 50.38±4.29%, and 52.54±3.83%,  
respectively. The death rate for the control samples (1% D-Glucose) is 0%, and their  
standard deviation is in each inoculation, more than 40 plants were used, and the  
experiment was repeated three times. (B) Northern blot analysis of the expression of  
plant defense gene PDF1.2 in the indicated transgenic lines inoculated without (-) or 
 with (+) B. c. 
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respectively, and the damage of seedlings became more and more severely as time 
went, especially in the transgenic plants for coi1-1;vector (Figure 19A). As expected, 
all the seedlings from VEC1 (coi1-1;vector) were dead (100%) 14 days after pathogen 
inoculation, whereas the ATC1 line (coi1-1;COI1) and the LEC lines (coi1-1;LeCOI1) 
exhibited ~10.49% and ~61.06-63.58% death rate under identical treatment, 
respectively (Figure 19B). Consistent with the phenotypes of disease resistance, 
expression of the defense-related gene PDF1.2, upon pathogen inoculation was 
observed in the coi1-1;LeCOI1 and coi1-1;COI1 transgenic plants but not in the coi1-
1;vector plants, although the coi1-1;LeCOI1 transgenic plants (LEC1, LEC2, and 
LEC3) exhibited a lower expression of PDF1.2 than the coi1-1;COI1 transgenic plants 
(ATC1) did (Figure 19C). These data suggest that the LeCOI1 partially restores the 
plant defense against Erwinia carotovora strain SCG1 in the Arabidopsis coi1-1 
mutant plants.  
 
4.3 Discussion 
JAs play a dual role in plant defense and development. The function of JAs in defense 
was proposed by Farmer and Ryan (Farmer et al., 1992), whereas the necessity of JAs 
for male fertility in Arabidopsis was first revealed by characterization of triple mutant 
line fad3-2 fad7-2 fad8 (McConn et al., 1996). The isolation of a coronatine-
insensitive mutant coi1 involved in the JA signaling pathway proved that the JA signal 
is required for plant defense and male fertility (Feys et al., 1994). Our recent studies 
demonstrated that ectopic expression of a soybean homolog of COI1 (GmCOI1) in 
coi1-1 shows ability to mediate JA-regulated plant defense and male fertility, 
suggesting a conservation of JA signal component in different plant species (Wang et  
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Figure 19. Transgenic expression of LeCOI1 in coi1-1 partially restores the JA-
mediated defense against the bacterial pathogen Erwinia carotovora strain SCG1. 
(A) Three-week-old seedlings were inoculated with bacterium Erwinia carotovora 
strain SCG1 (SCG1) or LB medium. Infected rate (%) of leaves from transgenic lines 
ATC1, VEC1, LEC1, LEC2, and LEC3 was examined at the 3rd day after inoculation. 
The infected rate from ATC1, VEC1, LEC1, LEC2, and LEC3 was 39.25±2.51%, 
56.36±3.51%, 48.28±3.17%, 45.60±3.84%, and 46.39±2.80%, respectively. (B) The 
death rate of ATC1, VEC1, LEC1, LEC2, and, LEC3 is about 10.49±1.47%, 100±0%, 
63.58±4.62%, 61.06±3.82%, and 62.73±4.16%, respectively. The death rate for the 
control samples (LB medium) is 0%, and their standard deviation is 0. In each 
inoculation, more than 40 plants were used, and the experiment was repeated three 
times. (C) Northern blot analysis of the expression of plant defense gene PDF1.2 in the 
indicated transgenic lines inoculated without (-) or with (+) SCG1. 
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al., 2005). Although the jai1 mutant defective in LeCOI1 (the tomato homolog of 
COI1) exhibited compromised defense responses, its sterility was caused by a defect in 
the maternal control of seed maturation (Li et al., 2001; Li et al., 2004). Like the 
Arabidopsis coi1 mutant, jai1 plants are insensitive to coronatine and highly resistant 
to coronatine-producing strains of Pseudomonas syringae (Zhao et al., 2003). Indeed, 
the jai1 mutant displayed reduced pollen viability, suggesting that unlike Arabidopsis, 
COI1 function was not absolutely required for male fertility in tomato (Li et al., 2001; 
Li et al., 2004). In this study, it was found that the transgenic coi1-1 plants with 
expression of the LeCOI1 gene partially restored JA-regulated defense and completely 
restored JA-mediated male fertility, suggesting that tomato LeCOI1 and Arabidopsis 
COI1 are, in general, functionally conserved. 
 
Previous studies demonstrated that the JA biosynthesis and inducible genes are quite 
conserved in different plant species (Creelman et al., 1997; Wang et al., 2005). 
Dissection of F-box protein COI1 as one component of SCF complexes implies that JA 
could act via the ubiquitin-proteasome pathway (Xu et al., 2002). GmCOI1 was found 
to assemble into the SCF complexes, similar to the formation of the Arabidopsis 
SCFCOI1, suggesting the homologs of the SCF core components from different species 
are likely conserved in the basic function. This notion extends when other ubiquitin 
pathway components have been found to be functional to JA responses. For example, 
the eta3 mutation confers reduced JA sensitivity, and ETA3 encodes SGT1b which is 
required for SCFTIR1-mediated auxin response (Gray et al., 2003); the auxin-signaling 
mutants axr1 and axr6 have been found to be defective in JA response (Tiryaki et al., 
2002; Xu et al., 2002; Quint et al., 2005; Ren et al., 2005). Several JA biosynthetic 
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enzymes were found to be located in the companion-cell-sieve-element complex of the 
vascular bundles (Hause et al., 2000; Hause et al., 2003), and these findings were 
consistent to JA induction of putrescine N-methyltransferase genes in the root of 
Nicotiana sylvestris (Shoji et al., 2000). Recently, the Arabidopsis F-box protein TIR1 
has been demonstrated to be an auxin receptor (Dharmasiri et al., 2005; Kepinski et al., 
2005). By analogy, COI1, the closest F-box protein to TIR1 in the Arabidopsis genome, 
could well be the JA receptor or at least involved in perceiving JA (Lorenzo et al., 
2005). Although COI1 was suggested to be functional in JA perception (Turner et al., 
2002), direct proofs have been unavailable. Future studies will demonstrate whether 
LeCOI1, GmCOI1, and COI1 function as the JA receptor in tomato, soybean, and 
Arabidopsis, respectively.  
 
Despite the functional conservation, developmental and evolutionary modification 
among different plant species may influence JA responses and alter biological 
functions for the homologous genes of COI1 in the corresponding host plant. As 
mentioned above, the recently identified tomato homologue of COI1 (LeCOI1) from 
the mutant jai1 is essential for JA-regulated gene expression and defense response, but 
is not necessary for pollen development (Li et al., 2004). Systemic induction of JA 
responses in tomato requires the 18-amino-acid peptide systemin (Ryan, 2000; 
Schilmiller et al., 2005), but in Arabidopsis there is no evidence for an equivalent 
pathway, even though systemic signaling can be demonstrated (Kubigsteltig et al., 
1999). Similarly, proteinase inhibitors (PIs) are involved in wounding/JA pathway in 
tomato but are not present in Arabidopsis. It is notable to point out although such 
differences were observed in JA signaling between Arabidopsis and tomato, the core 
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components of the JA signaling pathway should be conserved in different plant species. 
Recent studies demonstrated that transcription factor JAMYC from tomato and its 
homolog AtMYC (JIN1) from Arabidopsis are highly conserved and play a similar 
role in JA signaling via activation of JA-induced defense genes (Boter et al., 2004; 
Lorenzo et al., 2004). 
 
It is interesting to discuss that the transgenic coi1-1 plants with expression of the 
LeCOI1 gene completely restored JA-mediated male fertility but partially restored JA-
regulated defense in Arabidopsis. As we know, jai1 mutant defective in LeCOI1 
exhibited reduced pollen viability and germination, and JA-signaled defense responses 
were blocked in jai1 (Li et al., 2004).  It is possible that COI1 and its homologous 
genes such as GmCOI1 and LeCOI1 bear functions in both plant defense and male 
fertility. However, the male fertility function of LeCOI1 in JA signaling could be 
modified in tomato because of species-specific differences. This modification could 
refer to the modified LeCOI1, as LeCOI1 displayed new functions in tomato such as 
maternal control of seed maturation and glandular trichome development (Li et al., 
2004). The downstream components of LeCOI1 in JA signaling could also be modified, 
because the jai1 mutant exhibited reduced pollen viability and ectopic expression of 
LeCOI1 in coi1-1 completely restored JA-mediated male fertility in Arabidopsis. 
Analysis of the male fertility phenotype from Arabidopsis mutants defective in JA 
biosynthesis (fad3-2 fad7-2 fad8, opr3/dd1, dde2-2, dad1) or perception (coi1) showed 
that JA is required for anther dehiscence or pollen development (Feys et al., 1994; 
McConn et al., 1996; Vijayan et al., 1998; Sanders et al., 2000; Stintiz et al., 2000; 
Ishiguro et al., 2001; Park et al., 2002; von Malek et al., 2002). Interestingly, auxin 
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was also found to play a key role in the timing of anther dehiscence (Cecchetti et al., 
2004), and Arabidopsis type B monogalactosyldiacylglycerol synthase genes were 
suggested to have roles during pollen germination and pollen tube growth (Kobayashi 
et al., 2004). Interestingly, other genes have been reported to bear functions in both 
defense and male fertility. For example, Bin 1b is similar to cationic antimicrobial 
peptides, β-defensins, and has been found to play a role in reproductive tract host 
defense and male fertility (Li et al., 2001); CER1 encodes an aldehyde decarbonylase 
and is involved in wax biosynthesis and pollen fertility (Aarts et al., 1995). On the 
other hand, although LeCOI1 completely restored defense responses of jai1, it only 
partially restored JA-regulated defense of coi1-1 in Arabidopsis. This could be 
explained for the sequence differences between COI1 and LeCOI1 or be caused by 
species-specific differences between Arabidopsis and tomato, suggesting that the 
reproduction function could be more conserved than defense responses in the plant 
kingdom. Finally, COI1 and GmCOI1 were found to assemble into SCF complexes 
(Xu et al., 2002; Wang et al., 2005). By analogy, LeCOI1 should be assembled into 
SCF complexes. Identification of substrates from these SCF complexes will be 
significant for the dissection of the JA signaling pathway in plants.  
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Chapter 5 
Analysis of SKP1-like genes from the wild rice and tomato reveals a 
   functional conservation of SKP1-like proteins between dicot and monocot plants 
 
5.1 Introduction 
Ubiquitin-dependent proteolysis regulates protein abundance and serves as a central 
regulatory function in many biological processes such as cell cycle regulation, signal 
transduction, and transcriptional regulation in eukaryotic cells. In the ubiquitin-
dependent proteolytic pathway, ubiquitin is linked to substrates through a well-
organized process involving the sequential action of an ubiquitin-activating enzyme 
(E1), an ubiquitin-conjugating enzyme (E2), and an ubiquitin ligase (E3). 
Polyubiquitinated proteins are then targeted to the 26S proteasome for degradation 
(Hershko et al., 1998; Deshaies, 1999; Ciechanover et al., 2000). 
 
The SCF ubiquitin ligase complex has been extensively studied in yeast, mammals, 
and plants. It is composed of SKP1, CUL1/CDC53, an F-box protein plus 
RBX1/ROC1/HRT1 (Patton et al., 1998; Tyers et al., 2000). The SKP1 protein binds 
tightly to the F-box domain of the F-box protein and mediates interaction between the 
F-box protein and the N-terminal domain of CUL1 (Bai et al., 1996; Schulman et al., 
2000; Zheng et al., 2002). The C-terminal domains of F-box proteins commonly 
contain protein-interaction motifs, such as LRR, WD40, and Kelch repeats, which may 
confer binding specificity to different substrates, and CUL1 serves as a rigid scaffold 
through a globular domain binding the RING finger protein RBX1 and a long stalk 
binding the SKP1-F boxSKP2 to organize the CUL1-RBX1-SKP1-F boxSKP2 SCF 
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ubiquitin ligase complex (Zheng et al., 2002). Several SCF complexes such as SCFSKP2 
(Zhang et al., 1995; Schulman et al., 2000), SCFhCDC4 (Strohmaier et al., 2001), 
SCFTIR1 (Gray et al., 1999; Gray et al., 2001), SCFCOI1 (Devoto et al., 2002; Xu et al., 
2002), and SCFUFO (Wang et al., 2003) have been identified and well studied. 
 
SKP1 (S-phase kinase-associated protein 1) was first identified as a component of a 
cyclin A-cyclin-dependent kinase 2 (CDK2) from transformed human fibroblasts 
(Zhang et al., 1995). In budding yeast, SKP1 was found to associate with cyclins A and 
F, and with kinetochores (Connelly et al., 1996). Studies of SKP1 homologs from 
human and yeast identified SKP1 as a suppressor of cdc4 mutants and as a cyclin F-
binding protein. Moreover, SKP1 was found to be required for both the G1/S and 
G2/M transitions and involved in the proteolysis of SIC1 protein through interactions 
with CDC4 by a novel structural motif F-box (Bai et al., 1996). These data 
demonstrate that SKP1 is highly conserved in eukaryotic cells and involved in the 
control of cell cycle progression.  
 
Other evidences showed that SKP1 is a component of additional multiprotein 
complexes except the SCF complex. SKP1 was found to interact with RCY1, an F-box 
protein required for recycling of the v-SNARE SNC1 in Saccharomyces crervisiae, to 
form the SKP1-RCY1 complex in the absence of other SCF partners (Galan et al., 
2001). SKP1 was also found to bind SIP and EBI (F-box protein) components from an 
E3 complex for mediating the polyunbiquitination of β–catenin in response to DNA 
damage by a pathway distinct from that responsible SCF complex-mediated 
ubiquitination (Liu et al., 2001; Matsuzawa et al., 2001). Recently, SKP1 was shown to 
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contribute additional complex RAVE, which comprises SKP1, RAV-1, and RAV-2, 
associating with the H+-dependent ATPase (V-ATPase) of the yeast vacuolar 
membrane for promoting glucose-induced assembly of the V-ATPase holoenzyme 
(Seol et al., 2001). 
 
Genome research identified at least 1 SKP1-like gene in yeast, 2 in Dictyostelium 
discoideum, 7 in Drosophila melanogaster, 8 in human, 21 in Caenorhabditis elegans, 
and 21 in Arabidopsis (Farras et al., 2001; Sassi et al., 2001; Gagne et al., 2002; Nayak 
et al., 2002; Yamanaka et al., 2002; Zhao et al., 2003b). Mammals and yeast possess 
only one functional SKP1 gene, although a SKP1 pseudogene has been detected in 
human genome. Analysis of the multiple C. elegans SKP1-related proteins (SKR) 
revealed marked differences in their association with Cullins and F-box proteins, in 
tissue specificity of expression, in regulating cell proliferation, meiosis, morphogenesis, 
and in phenotypes associated with functional suppression by RNAi. At least eight of 
the SKR proteins may, like F-box proteins, act as variable components of the SCF 
complex in C. eleagns (Nayak et al., 2001; Yamanaka et al., 2001). Phylogenetic trees 
showed that all 21 C. eleagans SKR genes and all of the Drosophila SKP1 homologs 
form a single cluster. Similarly, with the exception of ASK20 and ASK21, all ASK 
(Arabidopsis SKP1-like protein) sequences clustered to a single clade. These data 
demonstrate SKP1-like genes from C. eleagans, Drosophila, and Arabidopsis share a 
common ancestor. Further analysis of the SKP1-like gene family, one for each of 
protests, fungi, animals, and plants, as well as nematodes, arthropods, and angiosperms, 
revealed that the extent SKP1 genes within each of these eukaryote groups shared only 
one common ancestor (Kong et al., 2004). 
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The large number of genes that constitute the ASK family in Arabidopsis raises several 
questions regarding their function, their specificity, and their potential role in 
development (Marrocco et al., 2003). Genetic characterization of ASK1 and ASK2 
genes showed that ASK1 is required for male meiosis, flower development, and auxin 
response, and ASK2 together with ASK1 are essential for early embryogenesis 
development (Gray et al., 1999; Yang et al., 1999; Zhao et al., 1999; Zhao et al., 2001; 
Liu et al., 2004). Importantly, the present data indicate that ASK1 and ASK2 could be 
“master components” of SCF complexes in Arabidopsis (Risseeuw et al., 2003; Zhao 
et al., 2003a; Kong et al., 2004). To gain further insights into the specificity and 
evolution of SKP1 in different plant species, ASK1 homologs OmSKP1 (Oryza minuta 
SKP1-like protein 1) and LeSKP1 (Lycopersicon esculentum SKP1-like protein 1) were 
isolated from the wild rice and tomato, respectively. Ectopic expression of OmSKP1 
and LeSKP1 partially complement the ask1-1 mutation for male fertility and 2,4-D-
inhibition of root elongation in Arabidopsis. Moreover, LeSKP1 was found to interact 
with COI1 in the yeast two-hybrid system and both anti-ASK1 and anti-ASK2 
antibodies were found to recognize SKP1-like proteins from tomato and rice. These 
data suggest that there are homologs of ASK1, in both monocotyledons (OmSKP1) and 
dicotyledons (LeSKP1), that appear to be functionally conserved in plant species. The 
modification of SKP1-like proteins in planta and the evolution of ASK1 and ASK2 




5.2.1 Sequence analysis of ASK1, ASK2, LeSKP1, OmSKP1, and other SKP1-like 
proteins  
To understand ASK1’s specificity and evolution in plants, two ASK1 (Arabidopsis 
SKP1-like 1) homologous genes LeSKP1 (Figure 20) and OmSKP1 (Figure 21) were 
isolated from wild rice Oryza minuta and tomato, respectively. The putative amino 
acid residues of LeSKP1 and OmSKP1 are shown in Figure 22A, together with the 
ASK1 and ASK2 amino acid sequences. LeSKP1 is predicated to contain 156 amino 
acids, and OmSKP1 consists of 167 amino acid residues. Comparison of the full-length 
ASK1 protein with ASK2, OmSKP1, and LeSKP1 sequences revealed an amino acid 
identity of 81.4%, 79.5%, and 77.6%, respectively. Interestingly, ASK2 displayed a 
unique region including a fifteen-amino-acid-residue stretch (DAAAATTTTTVASGS), 
and OmSKP1 from the wild rice displayed a five-amino-acid-residues insertion 
(AEGEK) at its N-terminus that is different from the other three proteins (Figure 22A). 
The C-terminal regions of ASK1, ASK2, OmSKP1, and LeSKP1 are most highly 
conserved. Comparison of the last sixty-nine amino acid residues including the H5, H6, 
H7, and H8 helix domains from the C-terminus reveals that one amino acid has been 
varied at the same position among ASK1 (N112), ASK2 (G123), OmSKP1 (E119), 
and LeSKP1 (S108). In addition, other four amino acid residues have been changed in 
ASK1 (V to I93; G to A96; D to E100; K to T135), two in OmSKP1 (G to A103; V to 
I158), and one in LeSKP1 (Q to A152), whereas no more amino acid has been varied 
in ASK2 during this region. Similar to the ASK1 expression in Arabidopsis (Zhao et al., 
2003a), LeSKP1 and OmSKP1 were also constantly expressed in whole plants of 
tomato and rice, with a relative high expression in flower organs (Figure 22B). These 










Figure 20. Complete nucleotide and amino acid sequence of LeSKP1. The amino 
acid sequences are represented in capital letters. The blue color indicates atg (M) 



















Figure 21. Complete nucleotide and amino acid sequence of OmSKP1. The amino 
acid sequences are represented in capital letters. The blue color indicates atg (M) 
























Figure 22. Alignment of the amino acid sequences and RNA gel blot analysis.  
(A) Alignment of the amino acid sequences of ASK1, ASK2, OmSKP1, and 
LeSKP1. The amino acid sequences were respectively deduced from cDNA 
sequences or downloaded from GenBank (ASK1, accession 
numberNP_565123; ASK2, AAC63110). Black boxes represent identical 
residues. H5, H6, H7, and H8 domains among these proteins were referred to 
the previous work (Schulman et al., 2000; Risseeuw et al., 2003). The dotted 
line indicates the unique region of ASK2 compared with other proteins, and the 
solid line indicates the unique sequence from OmSKP1. The stars represent 
amino acid residues with discrepancy.  
(B) Northern blot analysis of OmSKP1 and LeSKP1. Fifteen micrograms of total 
RNA extracted respectively from the leaves (L) and flowers (F) from rice and 
tomato, were separated by electrophoresis and detected by the DIG-labeled 
probes of OmSKP1 and LeSKP1, respectively. 18S rRNA was stained with 







Arabidopsis ASK1 and ASK2, and ASK2 could be more conserved in evolution than 
OmSKP1, LeSKP1, and ASK1. 
To further verify the above notion, we searched for SKP1-like proteins from other 
organisms. A phylogenetic tree was created using the Clustal method in MegAlign. All 
of the SKP1-like proteins including OmSKP1 and LeSKP1 forms one cluster (Figure 
23), further demonstrating the conclusion SKP1-like proteins from eukaryotes share 
one common ancestor. SKP1-like proteins respectively from animals, fungi, and plants 
form their independent clades, which is consistent with the classical classification 
system. Surprisingly, OsSKP1 and BnSKP1 from the cultivated crops rice and rape 
were found to display the highest variation among these SKP1-like proteins, 
suggesting that the cultivar crops rice and rape accumulate variation during selection. 
Structural studies of the SKP1-SKP2 complex revealed the binding interface of the 
human SKP1 and the SKP2 F-box protein consisting a four-layer structure formed by 
the H5, H6, and H7 helix domains of SKP1, the H1, H2, and H3 domains of the SKP2, 
the H8 domain of SKP1, and the first LRR motif within the C-terminal domain of 
SKP2 (Schulman et al., 2000). Then the C-terminus of these SKP1-like proteins 
including the H5, H6, H7, and H8 helix domains was analysized in detail (Figure 24). 
Human, rat, zebrafish, and mouse are attributed to vertebrate, and no amino acid 
residue has been varied among these SKP1-like proteins. When compared to other 
SKP1-like proteins, the H8 helix domains from vertebrate showed higher variation 
than those from worms, flies, fungi, and plants. This suggests a specific role of the H8 
helix domain in vertebrate. Nineteen amino acids were found to be completely 





Figure 23. Phylogenetic analysis of SKP1-like proteins. MmSKP1, RnSKP1, 
DrSKP1, HsSKP1, SjSKP1, DySKP1, CbSKP1, SKR-1, DdSKP1, PpSKP1, MgSKP1, 
NcSKP1, McSKP1, SpSKP1, CgSKP1, ScSKP1,KlSKP1, OsSKP1, ASK1, BjSKP1, 
ASK2, LeSKP1, NbSKP1, HvSKP1, TaSKP1, OmSKP1, and BnSKP1come from Mus 
musculus (NP_035673), Rattus norvegicus (XP_213290), Danio rerio (AAH59536), 
Homo sapiens (NP_733779), Schistosoma japonicum (AAP06023), Drosophila yakuba 
(AAR09913), Caenorhabditis briggsae (CAE60197), Caenorhabditis elegans 
(F46A9.5), Dictyostelium discoideum (AAB88390), Physarum polycephalum 
(AAL11454), Magnaporthe grisea (EAA52286), Neurosporacrassa (XP_331383), 
Microsporum canis (AAL76231), Schizosaccharomyces pombe (NP_595455), 
Candida glabrata (AAD56717), Saccharomyces cerevisiae (NP_010615), 
Kluyveromyces lactis (AAD01496), Oryza sativa (NP_911180), Arabidopsis thaliana 
(NP_565123), Brassica juncea (BAB85605), Arabidopsis thaliana (AAC63110), 
Lycopersicon esculentum (this study), Nicotiana benthamiana (AAO85510), Hordeum 
vulgare (CAB85491), Triticum aestivum (AAP79890), Oryza minuta (this study), and 
Brassica napus (AAF82795), respectively. The horizontal tree branch length is a 










Figure 24. Alignment of the H5, H6, H7, and H8 helix domains among the SKP1-
like proteins (listed in Figure 23). Black stars represent the conserved amino acid 
residues. Two lines respectively indicated the two TPEE sequence motifs. The two 







were identified. In Dictyostelium, SKP1 is hydroxylated at proline 143 located in the 
second TPEE motif, which is then modified by a penasaccharide chain (Teng-umnuay 
et al., 1998; van der Wel et al., 2002a; van der Wel et al., 2002b), whereas the proline 
P of the second TPEE motif from vertebrate has been replaced by the glutamic acid E. 
The proline of the first TPEE motif is completely conserved in all the SKP1-like 
proteins, suggesting that it could be also modified by glycosylation. In the TPEE motif, 
the threonine T could be replaced by the serine S. Two TPEE motifs are completely 
conserved in ASK1, ASK2, LeSKP1, and OmSKP1. Consistent with the full sequence 
of OsSKP1 and BnSKP1, their H5, H6, H7, and H8 domains also displayed the highest 
variation, further demonstrating significant variation harbored in the cultivar crops. 
Detail analysis of these 69 amino acids of ASK1, ASK2, LeSKP1, and OmSKP1 with 
other SKP1-like proteins showed 12, 9, 10, and 10 amino acids has been varied in 
ASK1, ASK2, LeSKP1, and OmSKP1, respectively, suggesting that ASK2 could be 
more conserved than OmSKP1, LeSKP1, and ASK1. 
5.2.2 Ectopic expression of OmSKP1 and LeSKP1 partially complement ask1-1 
mutation for male fertility in Arabidopsis 
To further test the functional conservation of ASK1 homologs, OmSKP1 and LeSKP1 
were transferred into the ask1-1 mutant background under the control of CaMV 35S 
promoter. PCR assays verified that transgenic plants expressing OmSKP1 and LeSKP1 
were also homozygous for ask1-1 (Figure 25). The ask1-1 mutant is deficient in 
production of viable pollen grains causing male sterility (Yang et al., 1999), therefore 
it is necessary to examine whether LeSKP1 and OmSKP1 are able to functionally 













Figure 25. PCR assay for transgenic plants. OMS1, LES1, and ATA2 
represented one transgenic line from ask1-1;OmSKP1, ask1-1;LeSKP1, and 
ask1-1;tASK2, respectively. WT represents the wild type and ask1-1 
represents the ask1-1 mutant. ASK1, DS insertion, OmSKP1, LeSKP1, and 
tASK2 were respectively amplified with the primers AD59-5’/AD59-3’, 
DS3.2/AD59-3’, OmSKP1-5E/OmSKP1-3E, LeSKP1-5E/LeSKP1-3E, and 
B1/NR (Liu et al., 2004). The amplified COI1 fragment with the primers p1/p2 






in Figure 26, the ask1-1;LeSKP1 (LES1) and ask1-1;OmSKP1 (OMS1) transgenic 
plants produced viable pollen grains and generated fertile siliques, although their 
pollen grains were fewer and their siliques were shorter when compared with the wild 
type. Although the genomic ASK2 transgenic plants in ask1 ask2 mutant background 
exhibited similar phenotypes like the ask1-1 mutant plants (Liu et al., 2004), 
overexpression of ASK2 in the ask1-1 mutant (ATA2) partially complemented the male 
fertility (Figure 25), which is consist with the previous study stating that 35S::ASK2 
line in the ask1-1 background exhibited partial fertility with even fewer normal pollen 
grains and tetrads than those of the 35S::ASK1 lines (Zhao et al., 2003a). Interestingly, 
OMS1, LES1, and ATA2 transgenic plants also displayed large stature than the mutant 
ask1-1, implying that the growth defects were also rescued to a degree. These data 
suggest that ectopic expression of OmSKP1 and LeSKP1 partially complement ask1-1 
mutation for male fertility in Arabidopsis. 
 
5.2.3 Ectopic expression of OmSKP1 and LeSKP1 partially complement ask1-1 
mutation for 2,4-D inhibition of root elongation in Arabidopsis 
The SCFTIR1 complex regulates auxin response (Ruegger et al., 1998; Gray et al., 1999; 
Gray et al., 2001; Schwechheimer et al., 2001) and ASK1 has been shown to interact 
with TIR1 in planta. Consistently, the ask1-1 mutation exhibits resistance to the root 
growth inhibition of the synthetic auxin 2,4-D (Gray et al., 1999). To test the 
conserved function of OmSKP1 and LeSKP1 for auxin response, the phenotypes of 
OMS1 and LES1 transgenic seedlings were investigated on MS medium or MS 
medium containing 2,4-D. The wild type was sensitive to 2,4-D, exhibiting short roots, 




Figure 26. Ectopic expression of OmSKP1 and LeSKP1 partially complements 
ask1-1 mutation for male fertility in Arabidopsis. The OmSKP1 and LeSKP1 
transgenic plants partially restored fertility in ask1-1. The white arrows (top panel) 
indicate the viable pollens in anthers from the transgenic plants (OMS1, LES1, and 
ATA2) and the wild type indicated, which were stained with 1% fluorescein diacetate 
and visualized under fluorescence microscopy. OMS1, LES1, and ATA2 represented 
one transgenic line from ask1-1;OmSKP1, ask1-1;LeSKP1, and ask1-1;tASK2, 
respectively. The mutant ask1-1 was shown as the control. The red arrows (middle 
panel) indicate fertile siliques from the plants described, and the bar represents 1 cm. 
The bottom panel indicates the stature size from the plants described, and the white bar 
represents 1 cm. 
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transgenic seedlings OMS1 and LES1 exhibited reduced resistance to 2,4-D, and their 
root growth was partially inhibited (Figure 27A). On the other hand, the transgenic 
plants ATA2 exhibited similar insensitivity to 2,4-D like the ask1 mutant plants 
(Figure 25A). Statistical analysis of root elongation on MS medium or MS medium 
containing 2,4-D also revealed the consistent results (Figure 27B). These data suggest 
that LeSKP1 and OmSKP1 are capable of partially substituting Arabidopsis ASK1 to 
mediate auxin sensitivity, whereas overexpression of ASK2 can not complement 
inhibition of root elongation to 2,4-D in the ask1-1 mutant. 
 
5.2.4 LeSKP1 interacts with COI1 in the yeast two-hybrid system 
ASK1 was shown to interact with F-box proteins COI1, TIR1, UFO, and EID1 in the 
yeast two-hybrid system (Ruegger et al., 1998; Samach et al., 1999; Dieterle et al., 
2001; Xu et al., 2002), therefore, whether ASK1 homologs from other plant species 
could also interact with F-box proteins from Arabidopsis was tested. pLexA-COI1 was 
used as a bait to screen a LexA-based tomato cDNA library (pB42AD), and more than 
100 positive clones were identified. Sequence analysis of the highest class positive 
clones revealed that their sequences were identical to LeSKP1. Further tests of the 
interaction were performed by coexpressing pLexA-COI1 with pB42AD-LeSKP1 in 
the yeast two-hybrid system, which gave the blue positive colonies, indicating that 
COI1 can interact with LeSKP1 in vitro (Figure 28A). In addition, a soybean cDNA 
that is highly identical to Arabidopsis COI1 was identified and able to interact with the 
Arabidopsis ASK1 and ASK2 in the yeast two-hybrid system (Wang et al, 2005; 






Figure 27. Ectopic expression of OmSKP1 and LeSKP1 partially complement 
 ask1-1mutation for 2,4-D inhibition of root elongation in Arabidopsis.  
(A) Phenotypes of 9-day-old seedlings grown on the MS medium or MS medium 
containing 0.05 µM 2,4-D.  The bar represents 1 cm.  
(B) Dose response curve for wild type, ask1-1, OMS1, LES1, and ATA2. Inhibition of 
root growth is expressed relative to growth on unsupplemented medium. Each data 
point is the mean of > 30 samples. The experiment was repeated three times. Error bars 








Figure 28. Two-hybrid assay and Western blot analysis. (A) LeSKP1 interacts with 
COI1 in the yeast two-hybrid system. 1: pLexA-COI1/pB42AD-ASK1; 2: pLexA-
COI1/pB42AD; 3: pLexA-COI1/pB42AD-LeSKP1; 4: pLexA-COI1/pB42AD; 5: 
pLexA-COI1. Positive interaction of the indicated proteins was revealed by blue color 
of the colonies showing β-galactosidase activity. (B) anti-ASK1 and anti-ASK2 can 
recognize SKP1-like proteins from rice and tomato. Total proteins extracted 
respectively from the wild type Ler, the mutant ask1-1, rice, and tomato were probed 
with the anti–ASK1 antibody and the anti–ASK2 antibody, respectively. The actin 
protein detected by the anti–actin antibody was used as the loading control. 
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other plants could substitute each other for mutual protein-protein interactions, 
suggesting a functional conservation of these SCF components in plants. 
 
5.2.5 The anti-ASK1 and anti-ASK2 antibodies can recognize SKP1-like proteins 
from tomato and rice 
To further examine the conservation of ASK1 homologs, we performed Western blot 
analysis. The anti-ASK1 antiserum detected a band about 22 kD in the wild type 
Arabidopsis, but not in the mutant ask1-1 as previously reported (Gray et al., 1999; Xu 
et al., 2002). The antibody anti-ASK1 was then used to probe the total proteins isolated 
from rice and tomato, respectively. Interestingly, a ~23 kD band from rice and a ~21 
kD band from tomato were detected by anti-ASK1, demonstrating that the antibody 
anti-ASK1 can successfully recognize SKP1-like proteins from rice and tomato 
(Figure 28B). However, the predicated protein size respectively for ASK1, OmSKP1, 
and LeSKP1 is ~18 kD, ~19 kD, and ~17.5 kD, suggesting that modification of ASK1 
and ASK1 homologous proteins may occur in planta. In addition, the antibody anti-
ASK2 was used for further verification. The anti-ASK2 antiserum could detect two 
bands, a ~22 kD band (ASK1) and a ~23 kD band (ASK2), in the wild type 
Arabidopsis as previous report (Gray et al., 1999; Xu et al., 2002), whereas the 
predicated protein size for ASK2 is ~19 kD, suggesting that the ASK2 protein has been 
also modified in planta. Strong protein bands were also detected in rice and tomato 
probed with the anti-ASK2 antibody (Figure 28B). These results suggest that SKP1-




5.3.1 OmSKP1 and LeSKP1 partially substitute Arabidopsis ASK1  
Phylogenetic analysis of SKP1-like proteins from eukaroytes revealed that they shared 
one common ancestor (Kong et al., 2004). In this study, sequence analysis of ASK1, 
ASK2, OmSKP1, LeSKP1, and other SKP1-like proteins showed that these proteins 
share significant homology and are structurally conserved. The model organism 
Arabidopsis has been successfully used for ectopic expression. Ectopic expression of 
tomato transcription factors Pti4, Pti5, and Pti6 activate their defense responses in 
Arabidopsis (Gu et al., 2002). Similarly, a soybean homolog of COI1, GmCOI1, was 
transferred to the coi1-1 mutant, found to functionally complement the coi1-1 mutant 
in JA signaling (Wang et al., 2005; Chapter 3). Ectopic expression of OmSKP1 and 
LeSKP1 partially complemented ask1-1 mutation for male fertility and 2,4-D 
inhibition of root elongation in Arabidopsis, revealing that OmSKP1 from the wild rice 
and LeSKP1 from tomato are functionally conserved with the Arabidopsis ASK1, and 
these genes also exhibit functional specialty to a degree. 
 
Oryza minuta, a wild species of rice, has the BBCC genome, with resistance to sheath 
blight, bacterial blight, brown planthopper, and green leafhopper (Khush, 1997). 
Resistant genes from O. minuta and other wild relatives have been introgressed to 
cultivated species (Song et al., 1995; Wang et al., 1999; Gu et al., 2005). In this study, 
OmSKP1, the homolog of SKP1, partially complemented the ask1-1 mutant, revealing 
that the SCF component from heterotetraploid O. minuta could partially substitute its 
diploid Arabidopsis ortholog, and suggesting that favor genes besides R genes from 
wild species could be useful for improving cultivar species. Interestingly, the analysis 
of the full length sequence and their H5, H6, H7, H8 domains of OsSKP1 and BnSKP1 
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demonstrated significant variation harbored in the cultivar crops, which is consistent to 
the notion that domestication promotes rapid phenotypic evolution through artificial 
selection, and supported by the investigation of maize evolution at molecular level 
(Wright et al., 2005; Tiffin et al., 2001). These SKP1 orthologs could be favor genes 
for crop breeding. 
 
5.3.2 ASK2 could be more conserved in evolution than ASK1 
ASK1 and ASK2 were suggested to be ‘master components’ of SCF complexes in 
Arabidopsis (Risseeuw et al., 2003) and ASK1 was found to share redundant function 
with other ASK genes (Zhao et al., 2003a). Recent analysis of the ask1 ask2 double 
mutant revealed that the SKP1-like proteins play an essential role in embryogenesis in 
Arabidopsis, further confirming the functional redundancy of ASK1 and ASK2 (Liu et 
al., 2004). The ASK1 protein shares high identity with ASK2 (81.4%). ASK1 and 
ASK2 were found to interact relatively non-specifically with most Arabidopsis F-box 
proteins, and they were also found to exhibit similar expression patterns (Farras et al., 
2001; Gagne et al., 2002; Marrocco et al., 2003; Risseeuw et al., 2003), further 
demonstrating their functional similarity. However, there are distinct characteristics 
among these two genes. ASK1 is essential for male meiosis, flower development, and 
auxin responses (Gray et al., 1999; Yang et al., 1999; Zhao et. al. 1999). ask1-1 
mutants in Arabidopsis exhibit a pleiotropic phenotype in fertility and plant growth 
(Yang et al., 1999; Zhao et al., 1999), whereas the ask2 mutant showed normal 
development  and growth (Liu et al., 2004). The interesting question is whether ASK1 
or ASK2 is more conserved across the species. ASK1 is a likely component of multiple 
SCF complexes that regulate many SCF complexes, and could have a more general 
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function in Arabidopsis. ASK2 has also been shown to interact with many of the same 
F-box proteins. Based on the following three reasons, it was suggested that ASK2 could 
be more conserved in evolution than ASK1. (1) Phylogenetic analyses of the full 
sequence of ASK1, ASK2, OmSKP1, and LeSKP1 and the conserved H5, H6, H7, and 
H8 helix domains from the collected SKP1-like proteins indicate that there are fewer 
amino acid variations in ASK2 than in ASK1, OmSKP1, and LeSKP1, strongly 
supporting that ASK2 could be more conserved than ASK1; (2) The antibody against 
ASK2 is capable of recognizing the proteins ASK1 and ASK2, whereas the antibody 
anti-ASK1 only detects itself (Gray et al., 1999; Xu et al., 2002); (3) Overexpression 
of ASK2 partially substitutes for ASK1 in male fertility (Zhao et al., 2003a), but not 
complement inhibition of root elongation to 2,4-D in the ask1-1 mutant plants. It was 
possible that during the course of evolution, ASK2 duplicated ASK1, most functions of 
ASK2 were gradually replaced by ASK1 when ASK1 specifically co-evolved with other 
SCF components. ask1-1 and ask2 mutants failed to display severe defect during 
embryogenesis, and the ask1 ask2 double mutants exhibited a developmental arrest in 
embryogenesis, supporting the functional co-evolution of the SCF components and 
functional redundancy between ASK1 and ASK2 (Dealy et al., 1999; Wang et al., 1999; 
Yang et al., 1999; Zhao et al., 1999; Shen et al., 2002; Risseeuw et al., 2003; Liu et al., 
2004). 
 
5.3.3 Modification of SKP1-like proteins in plants 
Although the ASK1 transcript codes for a 160 amino acid residue protein with a 
predicated size of about 18 kD, the detected band using the ASK1 antibody displays a 
size about 22 kD (Gray et al., 1999; Xu et al., 2002). This indicates that ASK1 could 
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be post-translationally modified in planta and this modification could be important for 
its biological functions. Similar modification of ASK2 and SKP1-like proteins from 
rice and tomato was also observed in this study. Protein modification has been also 
found in other SCF components. The Arabidopsis cullin AtCUL1 has been 
demonstrated to be modified by the ubiquitin-related protein RUB1 (del Pozo et al., 
1999; del Pozo et al., 2002). An increase in RUB1-modified AtCUL1 by knockdown 
of COP9 signalosome activity has the same effect on auxin response as a decrease in 
the amount of modified cullin (Lyapina et al., 2001; Schwechheimer et al., 2001; Zhou 
et al., 2001). RBX1, one subunit of the SCF complex, was found to be required for 
modification of the cullins CDC53 and CUL2 by the dedicated E2 RUB1-conjugating 
enzyme UBC12 (Kamura et al., 1999), and overexpression of RBX1 in Arabidopsis 
increases RUB modification of CUL1 (Gray et al., 2002). Furthermore, phosphorylated 
SCF substrates including SLR, PER, and SIC1 have been demonstrated to 
preferentially interact with F-box proteins GID2, Slimb, and CDC4, respectively, for 
their degradation (Ko et al., 2002; Orlicky et al., 2003; Sasaki et al., 2003). These data 
reveal a broad modification of the SCF components in vivo. In this study, two TPEE 
sequence motifs were identified among the SKP1-like proteins. In Dictyostelium, 
SKP1 was found to be hydroxylated at proline 143 located in the second TPEE motif, 
which is then modified by a penasaccharide chain (Teng-umnuay et al., 1998; van der 
Wel et al., 2002a; van der Wel et al., 2002b), although the proline of the second TPEE 
motif from vertebrate has been replaced by the glutamic acid E. Recent studies showed 
that the SKP1 Prolyl hydroxylase from Dictyostelium is related to the hypoxia-
inducible factor-class of animal Prolyl 4-Hydroxylases (van der Wel et al., 2005). 
Because the proline of the first TPEE motif is completely conserved in all the SKP1-
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like proteins, we suggest that it could be also modified by glycosylation. Whether the 
threonine T (sometimes replaced by the serine S) from the TPEE motif is modified by 
phosphorylation or not also needs further verification in the future. It was indicated 
that no Cullins have been found by screening the two-hybrid library with ASK1 or 
ASK2 ‘bait’ constructs, and no ASK proteins were selected by reciprocal screens using 
AtCUL1 as ‘bait’ (Risseeuw et al., 2003). Why all the ASKs failed to interact with 
AtCUL1 in reciprocal two-hybrid experiments could be explained for the ASK 
proteins were not modified in the heterologous system. Some factors maybe missed in 
the heterologous system are required for modification of ASKs to facilitate the 
interaction. However, in C. elegans, CUL-1 was found to interact with SKR-1, -2, -3, -
7, -8, and -10 in the yeast two-hybrid system, indicating a discrepancy in the yeast 
two-hybrid system between Arabidopsis and C. elegans. Modification of the SCF 
components could be important for facilitating protein-protein interactions and finely 




Genetic screening mutants involved in the 
 jasmonate signaling pathway in Arabidopsis 
 
6.1 Introduction 
The generation of mutations is the most basic element of genetic analysis. The 
common mutagens available to geneticists fall into three general classes: chemical, 
physical, and biological. Chemical mutagens mainly include EMS, nitrosoguanidine, 
and nitrosourea.  Physical mutagens usually refer to X-ray, fast neutrons, UV light, and 
60Co. Biological mutagens include T-DNA from Agrobacterium spp and transposons 
(Redei et al., 1992; Feldmann et al., 1994). 
 
Mutagenesis provides a powerful tool for dissection of hormone pathways, especially 
biosynthetic pathways, and establishing the causal links between hormones and their 
elicited responses that have been difficult to achieve by physiological and biochemical 
approaches (Leyser, 1998). Mutants involved in the biosynthetic pathways have been 
respectively isolated from auxin (Bartel, 1997), ET (Bleecker et al., 2000), GA 
(Olszewski et al., 2002), ABA (Seo et al., 2002), CK (Mok et al., 2001), BR (Fujioka 
et al., 2003), JAs (Creelman et al., 1995), and SA (Shah, 2003).  The receptors of 
hormone perception have been identified for auxin (Dharmasiri et al., 2005; Kepinski 
et al., 2005), ET (Guo et al., 2004), CK (Kakimoto, 1998), and BR (Li et al., 1997), 
respectively. The signal components determined using mutagenesis include those for 
auxin (Rugger et al., 1998), ET (Guo et al., 2004), GAs (Peng et al., 1999), ABA 
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(Xiong et al., 2003), CK (Kakimoto, 1998), BR (Wang et al., 2004), JAs (Xie et al., 
1998), and SA (Dong, 2004). 
 
JAs regulate plant growth and development and are involved in plant responses to 
wounding, UV light, water deficiency, ozone, pathogen infection, and insect attack. 
Genetic analysis of mutants has provided a powerful strategy for dissection of the JA 
pathway in Arabidopsis. Mutants involved in JA biosynthesis and JA transduction 
pathway have been successfully isolated using mutagenesis. 
 
The classical mutagenesis approach has identified four JA-insensitive mutants by 
screening for reduced sensitivity of root growth to MeJA (jar1, jin1, and jin4) or 
coronatine (coi1) (Staswick et al., 1992; Feys et al., 1994; Berger et al., 1996). In 
contrast to these insensitive mutants, mutants with constitutive JA responses, cet1-9, 
cex1, and cev1, have been isolated (Hilpert et al., 2001; Xu et al., 2001; Ellis et al., 
2001) and it has been suggested by Berger (2002) that these genes will encode 
negative regulators of JA signaling.  
 
Another genetic strategy is suppressor analysis. A suppressor mutation either partially 
or completely restores the phenotype to wild-type, but does not substitute its own 
(McCourt, 1999). Suppressor analysis has been used in a number of systems as a 
means to further investigate gene function and to define additional interacting genes 
(Barbazuk et al., 1994; Maddock et al., 1994; Preat et al., 1993). In Arabidopsis, 
suppressor screens have been used to identify genes involved in ABA biosynthesis 
(Koornneef et al., 1982), auxin signaling (Cernac et al., 1997), BR signaling (Li et al., 
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2002), GA signal transduction (Jacobsen et al., 1993; Wilson et al., 1995), and the 
SAR pathway (Li et al., 1999; Zhang et al., 2003).  
 
COI1 is the key component for the JA-regulated responses, and is involved in defense 
pathway deterring pathogen infection and insect attack in Arabidopsis (Feys et al., 
1994; Benedetti et al., 1995; Xie et al., 1998). Null mutations in COI1 abolish all the 
JA responses and exhibit resistance to JA-inhibition of plant growth, defects in pollen 
fertility, reduction in senescence, and susceptibility to insect attack and pathogen 
infection. To further dissect the JA pathway, a suppressor screen was conducted in the 
coi1 background to look for mutants that are able to restore wild-type phenotypes in 
MS medium containing MeJA. These suppressors would harbor mutations in genes 
that function downstream of or parallel to COI1 in the JA pathway. However, coi1 null 
mutants are male sterile and can not produce seeds for mutagenesis. Fortunately, 
conditional fertile coi1 alleles including coi1-2/coi1-16 and coi1-8 are available (Ellis 
et al., 2002; Xu et al., 2002). coi1-2/coi1-16, with missense mutation L245F, and coi1-
8, with G543L,  exhibited reduced JA insensitivity and partial fertility, providing 
materials for suppressor mutagenesis. 
 
For the genetic dissection of mutants involved in JA signaling pathway, Arabidopsis 
seeds which had been mutagenized by EMS, fast neutrons, 60Co, T-DNA insertions 
(knocked-out and activation tagged) or transposon insertions were screened, and a 
suppressor screen in the coi1-2 background was also conducted. Ten coi1 alleles and 
one jar1 (allele were identified. Significantly, four classes of novel mutants related to 
JA responses and four lines as coi1-2 suppressor candidates were identified in the 
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screening. The mutant D1 defective in DFR, encoding an enzyme involved in 
anthocyanin biosynthesis pathway, is dependent on functional COI1, revealing a 
crosstalk between the JA signaling pathway and the flavonoid biosynthesis pathway, 
and the isolation of coi1-2 suppressor candidates provided a basis for further 
investigating the JA signaling pathway. The mutant J183 is defective in lumazine 
synthase, a key component in the riboflavin pathway, suggesting that the riboflavin 
pathway is required for suppression of the COI1-mediated root growth, senescence, 
and plant defense. 
 
6.2 Results 
6.2.1 Identification of ten coi1 alleles and one jar1 allele 
To better understand the JA signaling pathway, Arabidopsis seeds which had been 
mutagenized by EMS, fast neutrons, 60Co, T-DNA insertions (knocked-out and 
activation tagged) or transposon insertions were screened.  Ten candidates, 97F-1, 
97F-2, 99E-1, 99E-2, (3)-1, (3)-2, (9)-2, (9)-3, (9)-4, and (9)-5, displaying strong root-
elongation resistance to MeJA were transferred to soil for further confirmation (Figure 
29A). These ten lines cannot set seeds by themselves, whereas they formed siliques 
after pollination with wild type pollen, indicating that these mutants are male sterile 
(Figure 29B-C). PCR analysis using primers that target the COI1 gene showed that 
only (9)-4 and (9)-5 contain COI1 fragment and no PCR products were detected in the 
lines 97F-1, 97F-2, 99E-1, 99E-2, (3)-1, (3)-2, (9)-2, and (9)-3, suggesting that the 
COI1 gene could be deleted by fast neutrons (97F-1, 97F-2, 99E-1, 99E-2) or 
knocked-out  by T-DNA insertions  such as (3)-1, (3)-2, (9)-2, and (9)-3 (Figure 29D). 




Figure 29. Identification of ten coi1-1 alleles. (A) Phenotypes of 9-day-old mutant 
candidates grown on the MS medium or the medium containing 25 µM MeJA. 1, 2, 3, 
4, 5, 6, 7, 8, 9, and 10 represent 97F-1, 97F-2, 99E-1, 99E-2, (3)-1, (3)-2, (9)-2, (9)-3, 
(9)-4, and (9)-5, respectively. WT and coi1-1 were used as controls. The bar represents 
1 cm. (B) Anthers from mutant candidates and controls (described above) stained with 
1% fluorescein diacetate and visualized under fluorescence microscopy. The arrow 
indicates viable pollen grains in the anther from WT. (C) Phenotypes of flowers and 
siliques from mutant candidates and controls. The arrow indicates the fertile silique 
from WT and the bar represents 1 cm. (D) PCR assay of mutant candidates and 
controls. The COI1 fragment was amplified with the primers COI1-5E and COI1-3E. 
The amplified ASK1 fragment with the primers ASK1-5/3 was used as the control. (E) 
Western blot analysis of mutant candidates and controls. Total proteins from mutant 
candidates and controls were analyzed by Western blotting probed with the antibody 
anti–COI1. The arrow indicates the position of COI1 and the black star represents the 
non specific band. The ASK1 protein detected by the anti-ASK1 antibody was used as 
loading control.   
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29E). Furthermore, genetic analysis of the F1 plants from coi1-2 × 97F-1/97F-2/99E-
1/99E-2/(3)-1/(3)-2/(9)-2/(9)-3/(9)-4/(9)-5 showed that they were resistant to MeJA 
and male sterile. Taken together, the results summarized in Table 2 suggest that these 
ten lines are coi1 alleles.  
 
Table 2.  Analysis of ten coi1 alleles 
Analysis of F1 




















97F-1 + _ _ _ + _ Fast neutrons 
97F-2 + _ _ _ + _ Fast neutrons 
99E-1 + _ _ _ + _ Fast neutrons 
99E-2 + _ _ _ + _ Fast neutrons 
(3)-1 + _ _ _ + _ T-DNA 
(3)-2 + _ _ _ + _ T-DNA 
(9)-2 + _ _ _ + _ T-DNA 
(9)-3 + _ _ _ + _ T-DNA 
(9)-4 + _ + _ + _ T-DNA 
(9)-5 + _ + _ + _ T-DNA 
coi1-1 + _ + _ + _ EMS 
WT _ + + + _ + No 
 
Note: “+”: resistant to JA treatment, or male fertile, or PCR positive, or Western blot 
positive. “_”represents negative result. “No” indicates no mutagen. 
 
 
On the other hand, one mutant 1B, which came from screening activation tagged T-
DNA insertion lines, was male fertile with reduced resistance to MeJA (Figure 30A-C). 
PCR showed that the COI1 gene was normal in this mutant, whereas the primers 
specific for JAR1 did not yield the appropriate product, suggesting that JAR1 might be 





Figure 30. Identification of 1B as one jar1 allele. (A) Phenotypes of 7-day-old 1B 
seedlings grown on the MS medium or the medium containing 25 µM MeJA. Col-0, 
coi1-1, and jar1-1 were used as controls. The red bar represents 1 cm. (B) Anthers 
from 1B and controls (described above) stained with 1% fluorescein diacetate and 
visualized under fluorescence microscopy. The blue arrow indicates viable pollen 
grains in the anther from 1B, jar1-1, and Col-0. (C) Phenotypes of flowers and siliques 
from 1B and controls. The black arrow indicates the fertile silique from 1B, jar1-1, and 
Col-0, and the bar represents 1 cm. (D) PCR assay. The JAR1 fragment was amplified 
with the primers JAR1-5/3 from Col-0, coi1-1, and jar1-1 (point mutation), 
respectively, and T-DNA insertion fragment was amplified with the primers JAR1-
5/JL202 from 1B. The amplified ASK1 fragment with the primers ASK1-5/3 was used 
as the control.  
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1B showed that they have the same phenotypes including male fertility and resistance 
to MeJA like jar1-1 and 1B, indicating that 1B is a jar1 allele.  
 
6.2.2 Identification of four classes of novel mutants related to JA responses. 
JA inhibits Arabidopsis seedling growth (Staswick, 1992). The most obvious 
phenotype to use for screening the JA mutants is root elongation of seedlings on MS 
medium containing MeJA or coronatine. Mutants jar1, jin1, jin4, and coi1 were 
obtained using the above strategy. However, the mutants identified using the above 
approach were coi1 alleles or jar1 alleles. To screen novel mutants involved in the JA 
pathway, other phenotypes to JA responses were considered and four classes of novel 
candidate mutants were identified (Table 3).   
 
It has long been known that JA can induce the accumulation of anthocyanin in 
Arabidopsis (Franceschi et al., 1991). Mutants were screened on MS medium 
containing 25 µM MeJA, which failed to accumulate anthocyanin. Three lines, D1-1, 
D1-2, and D1-3 with T-DNA insertions were obtained and attributed to Class I. These 
lines showed shoot resistance to JA, exhibited green leaves on JA medium, and 
produced yellow seeds. Phenotypes of the D1-1 line are showed in Figure 31A-B. The 
mutant 97F-2N came from screening seeds mutagenized by fast neutrons, and was 
attributed to Class II. 97F-2N exhibited reduced JA insensitivity when compared with 
the JA insensitive mutant coi1-1 (Figure 32A). Measurement of the relative root length 
revealed that 97F-2N was partially insensitive to MeJA, whereas the root growth of the 
wild type Col-0 was significantly inhibited by MeJA (Figure 32C). Observation of 






Figure 31. Phenotypes of D1-1.   (A) Phenotypes of 9-day-old D1-1 seedlings grown 
on the MS medium or the medium containing 25 µM MeJA. Col-0 and coi1-1 were 
used as controls. The bar represents 1 cm. (B) Comparison of seed phenotypes between 








Figure 32. Characterization of two kinds of novel mutants 97F-2N and (1)-31.  (A) 
Phenotypes of 9-day-old 97F-2N seedlings grown on the MS medium or the medium 
containing 25 µM MeJA. Col-0 and coi1-1 were used as controls. (B) Phenotypes of 9-
day-old (1)-31 seedlings grown on the MS medium or the medium containing 25 µM 
MeJA. Col-0 and coi1-1were used as controls. (C) Relative root length (%) of 97F-2N 
and (1)-31 on the MS medium containing 25 µM MeJA. Col-0 and coi1-1 were used as 
controls. Each data point is the mean of >30 samples. The experiment was repeated 




grains and displayed long siliques, indicating 97F-2N is male fertile.  
 
Class III includes the mutant (1)-31 which came from screening seeds mutagenized 
with activation tagged T-DNA insertions. (1)-31 exhibited partial inhibition of root 
elongation to MeJA, and its shoot displayed sensitivity to MeJA as the wild type 
(Figure 32B). Statistical analysis of the relative root length revealed that (1)-31 like 
97F-2N was partially insensitive to MeJA (Figure 32C). (1)-31 is also male fertile with 
long siliques and has many viable pollen grains on its anthers. 
 
An alternative strategy is to screen mutants hypersensitive to JA. The first JA 
hypersensitive mutant OV-12 was identified and attributed to Class IV. The plant size 
of OV-12 is significantly smaller than that of the wild type when they were on MS 
medium, MS plus MeJA medium or on soil (Figure 33A-B). Even on MS medium, 
OV-12 exhibited yellow leaves. The mature leaves of OV-12 exhibited many nicks 
(Figure 33B).   
 
These four classes of mutants are male fertile. Genetic analysis of the F1 and F2 
generations of these four classes of mutants respectively crossed with the coi1-2 or 
jar1-1 mutants, revealed that they are recessive and are not coi1 or jar1 alleles (Table 








Figure 33. Characterization of hypersensitive mutant OV-12. (A) Phenotypes of 9-
day-old OV-12 seedlings grown on the MS medium or the medium containing 25 µM 
MeJA. Col-0 and coi1-1 were used as controls. The red bar represents 1 cm. (B) 








Phenotypes to JA 
responses 
Segregation of F1 
(coi1-2 × candidate) 
coi1-2/candidate:WT
Segregation of F1 





Shoots resistant to JA, 
green leaves on JA 
medium, yellow seeds 
0:56 0:41 T-DNA 
Class II 
97F-2N 
Roots partially resistant 
to JA, green leaves on 
JA medium 




Roots partially resistant 
to JA but shoots 
sensitive 
0:34 0:44 T-DNA 
Class IV 
OV-12 
Short roots, yellow 
leaves, hypersensitive to 
JA 
0:23 0:22 T-DNA 
 
 
6.2.3 D1 encoding dihydroflavonol reductase (DFR) involved in anthocyanin 
biosynthesis pathway is dependent on the functional COI1  
The Class I mutant consists of D1 including three independent lines (D1-1, D1-2, and 
D1-3). Mutual crosses (D1-1 × D1-2, D1-1 × D1-2, and D1-2 × D1-3) showed that F1 
generations presented reduced pigmentation in the seed coat and exhibited the failure 
of anthocyanin accumulation in seedlings grown on MS medium containing MeJA as 
D1-1 did, indicating that D1-1, D1-2, and D1-3 are three alleles of D1. Genetic 
analysis of F2 mapping population from D1-1 × Ler displayed a segregation of 553 
seedlings (Ler phenotype: with anthocyanin accumulation on MS medium containing 
MeJA) : 183 seedlings (D1-1 phenotype: without anthocyanin accumulation on MS 
medium containing MeJA),  which matches the predicted outcome under monogenic 
Mendelian inheritance (χ2 =0.0018, P>0.90).  
 158
 
Mutants D1-1, D1-2, and D1-3 came from T-DNA insertion lines, so TAIL-PCR 
approach was used to isolate the D1 gene using nested primers complementary to 
known sequences in the left box of T-DNA and AD primers. DNA samples extracted 
from D1-1, D1-2, and D1-3 were respectively utilized as the template for TAIL-PCR. 
Sequence analysis of the TAIL-PCR products from D1-2 showed that one gene DFR 
(dihydroflavonol reductase) was knocked out with one T-DNA insertion in its fifth 
exon (Figure 34A). Although no PCR fragment was amplified from D1-2 using 
primers DFR-5/3, one fragment like wild type was detected in D1-1 and D1-3 (Figure 
34B). Sequence analysis demonstrated that both D1-1 and D1-3 were point mutations 
in DFR. 
 
DFR is a key enzyme involved in flavonoid biosynthesis and proanthocyanid synthesis 
in some plants in which it catalyses the reduction of dihydroflavonols to 
leucoanthocyanidins in the anthocyanin pathway (Gollop et al., 2002; Figure 35). 
Interestingly, the coi1 mutant exhibited the failure of anthocyanin accumulation in 
seedlings grown on MS medium containing MeJA as D1 did (Figure 31A). Thus 
Northern blotting was used to investigate the expression of DFR in coi1-1, D1-1, and 
the wild type Col-0. The results showed that DFR is highly expressed in the wild type, 
weakly expressed in the DFR point mutant D1-1, and not expressed in coi1 (Figure 
34C). The abolishment of DFR in coi1-1 revealed that the expression of DFR is 
dependent on functional COI1, showing a crosstalk between the JA pathway and the 







Figure 34. D1, encoding DFR, is functionally dependent on COI1. (A) Diagram of 
T-DNA insertion in D1-2. D1-2, encoding DFR, was knocked-out with a T-DNA 
insertion in its fifth exon. (B) PCR assay. The DFR fragment was amplified with the 
primers DFR-5/3 from Col-0, D1-1, and D1-3, respectively, and T-DNA insertion 
fragment was amplified with the primers DFR-5/JL202 from D1-2. The amplified 
ASK1 fragment with the primers ASK1-5/3 was used as the control. (C) Expression of 
D1 functionally dependent on COI1. Fifteen micrograms of total RNA extracted 
respectively from seedlings from Col-0, coi1-1, and D1-1, were separated by 
electrophoresis and detected by the DIG-labeled probe of DFR. Total RNA stained 









Figure 35. Scheme of the crosstalk between the JA signaling pathway and the 
flavonoid biosynthetic pathway. The flavonoid biosynthetic pathway was modified 
from previous studies (Nesi et al., 2001). Enzymes are indicated in uppercase letters.  
Abbreviations are as follows: BAN (ANR), anthocyanidin reductase; CHI, chalcone 
isomerase; CHS, chalcone synthase; C4H, cinnamate 4-hydroxylase; 4CL, 4- 
coumarate:CoA ligase; DFR, dihydroflavonol 4-reductase; F3H, flavanone 3-
hydroxylase; F3’H, flavonoid 3’-hydroxylase; FLS, flavonol synthase; LAR, 
Leucoanthocyanidin reductase; LDOX, leucoanthocyanidin dioxygenase; PAL, 
phenylalanine ammonia-lyase.    
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6.2.4 Identification of four coi1-2 candidate suppressors (J28, J43, J136, and J183)  
Previous work (Xu et al., 2002) identified an allele, coi1-2, that shows partial fertility 
(Figure 36C-D) yet shows reduction in expression of JA response genes including 
PDF1.2, Thi2.1, and AtVSP (Figure 36E). The coi1-2 also shows reduction in JA-
mediated inhibition of root elongation (Figure 36A-B), pollen viability, and resistance 
to Erwinia carotovora (E. c) (Figure 36F). M2 seeds of coi1-2 mutangenized by EMS 
were employed for screening the coi1 suppressors. Eight lines (J28, J37, J43, J121, 
J130, J132, J136, and J183) were obtained after three-generation reselection (Table 4, 
Figure 37). Genetic analysis showed that four lines J28, J43, J136, and J183 are 
recessive and controlled by a single gene (Table 5). Their phenotypes are presented in 
Figure 38 and summarized in Table 4. 
 
Table 4. Analysis of eight suppressor candidates with coi1-2 and Col-0 














J28 ∗ ∗ Yellow and brown Yellow and brown Partial Y R Y 
J37 ∗∗ ∗∗ Light green Yellow and brown Partial Y ? ? 
J43 ∗∗∗ ∗ Green Yellow and brown Partial Y R Y 
J121 ∗ ∗ Light green Yellow and brown Partial Y ? ? 
J130 ∗ ∗ Light green Yellow and brown Partial Y ? ? 
J132 ∗ ∗ Light green Yellow and brown Partial Y ? ? 
J136 ∗∗∗ ∗∗ Green Yellow and brown Fully Y R Y 
J183 ∗∗∗∗ ∗∗∗ Green with spots Yellow and brown Partial Y R Y 
coi1-2 ∗∗∗∗∗ ∗∗∗∗∗ Green Green Partial Y _ _ 
Col-0 ∗∗∗∗∗ ∗ Green Yellow and brown Fully N _ _ 
 
Note: The number of “∗” represents the root length of materials. The concentration of MeJA is 25 µM. 
“Y” represents “Yes”, while “N” means “No”. The “D” represents dominant, and the “R” represents 









Figure 36. coi1-2 is a partial mutant involved in the JA pathway. (A) Phenotypes 
of two-week-old coi1-2 seedlings grown on the MS medium or the medium containing 
25 µM MeJA. Col-0 and coi1-1 were used as controls. (B) MeJA dose-response curve 
of coi1-2 root growth. Col-0 and coi1-1 were used as controls. Root length of the 
indicated seedlings grown on medium containing various MeJA (0, 5, 10, 25, 50 or 
100 µM) for 9 days was expressed as a percentage of root length grown on MS. Each 
data point is the mean of >30 samples. The experiment was repeated three times. Error 
bars represent SD (n>30). (C) Anthers from coi1-2 and controls (coi1-1, Col-0) stained 
with 1% fluorescein diacetate and visualized under fluorescence microscopy. The blue 
arrow indicates viable pollen grains in the anther from coi1-2 and Col-0. (D) 
Phenotypes of flowers and siliques from coi1-2 and controls. The red arrow indicates 
the fertile silique from coi1-2 and Col-0, and the bar represents 1 cm. (E) Northern blot 
analysis of coi1-2. Fifteen micrograms of total RNA extracted respectively from MeJA 
treated (+) or untreated (-) seedlings from Col-0, coi1-1, and coi1-2, were separated by 
electrophoresis and detected by the DIG-labeled probe of PDF1.2, Thi2.1, and AtVSP, 
respectively. 28S rRNA stained with ethidium bromide was indicated as an equal 
loading control (lower panel). (F) Phenotypes of leaves at the 3rd day after inoculation. 
Three-week-old seedlings were inoculated with bacterium Erwinia carotovora (E.c) or 






























Figure 37. Phenotypes of eight candidates for coi1-2 suppressor. Col-0 and coi1-2 
were used as controls. J28, J37, J43, J121, J130, J132, J136, and J183 displayed 
accumulation of anthocyanin and short root elongation on MS plus 25 µM MeJA 













Figure 38. Characterization of four coi1-2 suppressors. (A) Phenotypes of two-
week-old J28 seedlings grown on the MS medium or the medium containing25 µM 
MeJA. Col-0 and coi1-2 were used as controls. (B) Phenotypes of two-week-old J43 
seedlings grown on the MS medium or the medium containing 25 µM MeJA. Col-0 















Figure 38 (continued). (C) Phenotypes of two-week-old J136 seedlings grown on the 
MS medium or the medium containing 25 µM MeJA. Col-0 and coi1-2 were used as 
controls. (D) Phenotypes of two-week-old J183 seedlings grown on the MS medium or 
the medium containing 25 µM MeJA. Col-0 and coi1-2 were used as controls. (E) 
MeJA dose-response curve of root growth. Root length of the indicated seedlings 
grown on medium containing various MeJA (0, 5, 10, 25, 50, or 100 µM) for 9 days 
was expressed as a percentage of root length grown on MS.  Each data point is the 
mean of >30 samples. The experiment was repeated three times. Error bars represent 






Table 5. Genetic analysis of coi1-2 suppressor candidates 
 
Segregation of candidate × coi1-2 Segregation of candidate × coi1-L Name of 
candidate F1 F2 χ2 P F1 F2 χ2 P 
J28 0:23 19:55 0.018 >0.90 0:28 24:67 0.092 >0.75 
J43 0:32 25:73 0.014 >0.90 0:36 127:386 0.016 >0.90 
J136 0:41 20:60 0.016 >0.90 0:35 22:64 0.016 >0.90 
J183 0:29 22:68 0.015 >0.90 0:42 26:75 0.030 >0.75 
              
             Note: When P (Probability) >0.05, the fit is not questionable. 
 
 
6.2.5 Genetic mapping of J43, J136, and J183 
To map the candidate coi1-1 suppressor (ecotype Columbia), an allele of coi1 mutant 
in Landsberg erecta coi1-L was identified. The coi1-L plant is male sterile (Figure 39A) 
and was crossed with a COI1/coi1-1 heterozygous plant of ecotype Columbia (Col). 
Analysis of their progeny showed a segregation ratio of 48 (sensitive) : 51 (insensitive) 
in JA response, revealing that coi1-L is an allele of coi1. In addition, Northern blot 
analysis showed the knocked-out of JA inducible genes PDF1.2, Thi2.1, and AtVSP in 
coi1-L (Figure 39B), and Western blot analysis with anti-COI1 antiserum revealed the 
abolishment of COI1 in the coi1-L mutant (Figure 39D). Moreover, six primers COI1-
5UTR, COI1-3UTR, COI1-5’-2, COI1-3’-2, COI1-EXON2, and COI1-EXON3 were 
employed to sequence the genomic DNA of coi1-L, and one base G  (WT) was found 
to exchange to A in the exon of coi1-L, resulting in the Lys359 (coi1-L) instead of 
Glu359 (WT) (Figure 39C). 
 
coi1-L was crossed with J43, J136, and J183 respectively, and their F2 mapping 












Figure 39. Identification of one coi1 allele in Landsberg erecta. (A) Anthers from 
coi1-1, WT (wild type), and coi1-L stained with 1% fluorescein diacetate and 
visualized under fluorescence microscopy. The red arrow indicates viable pollen grains 
in the anther from WT. (B) Fifteen micrograms of total RNA extracted respectively 
from WT, coi1-1, and coi1-L, were separated by electrophoresis and detected by the 
DIG-labeled probe of PDF1.2, Thi2.1, AtVSP, and 18S rRNA, respectively. The 
probe18S rRNA was indicated as an equal loading control. (C) Diagram of point 
mutation in coi1-L. A single base exchange from G in WT to A in coi1-L resulted in 
one amino acid exchange from Lys359 in WT to Glu359 in coi1-L. (D) Western blot 
analysis of coi1-L. Total proteins from coi1-1, WT, and coi1-L were analyzed by 
Western blotting probed with the antibody anti–COI1. The arrow indicates the position 
of COI1 and the black star represents the nonspecific band. The ASK1 protein detected 





using genetic markers with SSLP (Table 1). 4-6 genetic markers with nearly even 
distribution were selected from each chromosome (Table 1).  
 
The mapping procedure consists of two steps: general mapping and fine mapping. In 
general mapping, ten F2 plants with phenotypes similar to J43, J136 or J183 from J43 
× coi1-L, J136 × coi1-L, or J183 × coi1-L, respectively, and two parents and their F1 
plants were used for PCR with SSLP primers, and the genetic linkage was set up. The 
results showed that J43 was located on chromosome 5 (Figure 40), while J136 and 
J183 were both mapped on chromosome 2 (Figure 41A-B). 
 
J43 was then selected for further mapping using a large F2 population of J43 × coi1-L. 
In general mapping, J43 was found to link with the marker ciw9 (Figure 40A). 
Following mapping using a 172–plant (with J43 phenotype) F2 population located the 
J43 gene to a ~850 Kb region between the BAC (bacterial artificial chromosome) 
clones K7B16 and MFH8 (Figure 40B). One recombinant line (No.81) from 172 plants 
was identified in K7B16 using SSLP primers K7B16.F1/R1. In MFH8, a recombinant 
line (No.91) was found using SSLP primers MFH8.F1/R1. Then, additional 832 F2 
plants were used for fine mapping. Two recombinant lines were found in the BAC 
K17N15 using SSLP primers K17N15.F2/R2, three recombinant lines were identified 
in the BAC MSG15 using SSLP primers MSG15.F1/R1, and mapped J43 to a ~240 kb 














Figure 40. J43 was mapped on chromosome 5. (A) Twenty recombinant lines from 
eighty-seven F2 plants of J43 × coi1-L were identified with SSLP marker ciw9, 
resulting in a linkage of J43 and ciw9 on chromosome 5. (B) J43 was located in a ~850 
Kb region on chromosome 5 (Chr#5). One recombinant line from 172 F2 plants of J43 
× coi1-L was identified with marker K7B16 (F1/R1) (19900 Kb of Chr#5), and one 
recombinant line was detected with marker MFH8 (F1/R1) (20750 Kb of Chr#5), 






Figure 41. J136 and J183 were mapped on chromosome 2, respectively. Twelve 
recombinant lines from twenty-two F2 plants of J136 × coi1-L were identified with 
SSLP marker nga168 (16240 Kb of chromosome 2), and nine recombinant lines were 
detected with F13P17 (F1/R1) (14400 Kb), resulting in a linkage of J136 on 
chromosome 2 (Chr#2). J183 was linked tightly with SSLP marker BIO2b by PCR 
assay of fourteen individual plants from F2 progeny of J183 × coi1-L. The SSLP 








Figure 42. Mapping of J43 in a 240 Kb region on chromosome 5. Two recombinant 
lines from 1002 F2 plants of J43 × coi1-L were identified with marker K17N15 
(F2/R2),  and three recombinant lines were detected with marker MSG15 (F1/R1), 
resulting in J43 mapped in a ~240 Kb region (including five BAC clones K17N15, 
K10D11, MIO24, MJM18, and MSG15) on chromosome 5.  
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6.2.6 J183, encoding lumazine synthase, is essential for regulation of JA-mediated 
plant defense and senescence 
J183, also named cos1 (coi1 suppressor1) (Xiao et al., 2004), was chosen for further 
studies because of its strong suppression and easily discriminant phenotype such as 
spotted-leaves (Figure 38; Xiao et al., 2004). To further confirm the effect of the J183 
mutation, the root length of seedlings grown on MS medium supplemented with 
various concentrations of MeJA (0, 5, 10, 25, 50, or 100 µM) were measured. As 
expected, the coi1-2 is resistant to MeJA, whereas root growth of the J183 seedlings 
was inhibited by MeJA (Figure 38), demonstrating that the J183 mutation suppresses 
coi1-mediated JA insensitivity. In contrast with JA-sensitive root growth rescued by 
J183 in coi1-2, the J183 mutation was unable to restore the male fertility defect of 
coi1-2 plants, whereas J136 did fully restore the male fertility defect of coi1-2 plants 
(Table 4).     
 
Northern blot analysis was further employed to investigate the suppression of J183 on 
coi1-mediated JA insensitivity. The J183 mutation is able to restore defect of the JA-
inducible gene expression in coi1-2, when assayed for JA-inducible expression of 
AtVSP and LOX2. Figure 43A shows that the level of AtVSP and LOX2 transcripts 
upon JA induction is higher in J183 than those in coi1-2. The results demonstrate that 
J183 could restore the defect in JA-inducible genes AtVSP and LOX2 in coi1-2. 
 
Mutations in COI1 were found to cause a defect in JA-inducible expression of 
senescence-associated genes (He et al., 2002).  A senescence marker gene, SEN4, was 





Figure 43. J183, encoding lumazine synthase, is essential for regulation  
of jasmonate-mediated plant defense (A) Northern blot analysis of JA 
inducible AtVSP and LOX2 in three-week seedlings untreated (CK) or treated 
with 100 µM MeJA. Ethidium bromide staining of rRNAs shown at bottom 
indicates the loading amount of total RNA on the gel. (B) The J183 mutation 
restores the defect of disease resistance in coi1-2. The death rate for WT (Col-
0), coi1-2, and J183 was recorded at the seventh day after inoculation with the 
fungal pathogen B.c (5 × 105 spores/ml). The experiment was repeated three 
times. Error bars represent SE (n>40).  
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restore the defect in JA-inducible expression of SEN4 in coi1-2. Our results showed 
that SEN4 transcript is highly accumulated in the wild type upon MeJA induction, 
whereas the SEN4 expression upon MeJA induction was severely reduced in the coi1-2 
mutant (Xiao et al., 2004). Interestingly, J183 highly accumulated SEN4 transcript 
even without MeJA induction, suggesting that J183 mutation constantly suppresses the 
defect of JA-inducible expression of senescence-associated genes in the coi1-2 
background (Xiao et al., 2004). Another senescence-associated gene SAG12 (Weaver 
et al., 2001) was used to further investigate the requirement of J183 for JA-mediated 
plant senescence. Our RT-PCR results showed that J183 constantly suppresses the 
coi1-2 mutation and also constantly accumulated SAG12 without MeJA induction 
(Xiao et al., 2004). Moreover, senescence was assessed by measuring chlorophyll 
content, a typical senescence-associated physiological marker, which is known to 
decline with the progression of age-dependent senescence (Yoshida et al., 2002). The 
rosette leaves of 20-d-old plants grown in soil were harvested and used in the 
chlorophyll content measurement. Our results showed that the relative chlorophyll 
content of the coi1-2 (100%) is higher than that of the wild type (90%). The 
chlorophyll content in J183 is severely reduced (60%), suggesting that J183 severely 
suppresses the defect of leaf senescence in coi1-2 (Xiao et al., 2004). 
 
The coi1 mutations previously were found to cause loss of resistance against insects 
and pathogens in Arabidopsis (McConn et al., 1997; Vijayan et al., 1998; Stintzi et al., 
2001). To investigate whether J183 restores the defense responses in coi1-2, we 
inoculated the fungus pathogen (Botrytis cinerea) onto the wild type, coi1-2, and J183. 
By 7 d after inoculation, 85% of coi1-2 plants had died, whereas J183 plants showed 
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resistance to fungal infection and ~15% of J183 had died, which is similar to the wild 
type (~12%) (Figure 43B). By 9 d after inoculation, all of the coi1-2 plants (100%) 
were dead; however, J183 has only ~35% of death rate similar to that of the wild type 
(Xiao et al., 2004). These results clearly demonstrate that J183 restores the resistance 
against pathogens in coi1-2. 
 
Preliminary mapping showed that J183 was located on chromosome 2 (Figure 40). Our 
further mapping using a cleaved amplified polymorphic sequence marker, C18150 
(one recombinant), and AFLP marker A18250 (four recombinants) placed J183 on a 
BAC, F6E13, which contains a 110-kb Arabidopsis genomic insert, and J183 was 
finally localized onto an ~4-Kb BamHI fragment (B4) by functional complementation 
with the subcloned F6E13 fragments (Xiao et al., 2004). The B4 fragment identifies a 
single 684-bp full-length cDNA, designated as the J183 gene. Further analysis of the 
J183 plants transgenic for either the B4 fragment or the J183 cDNA that was 5’ myc-
tagged under the control of CaMV 35S demonstrates that both the B4 fragment and the 
J183 cDNA can complement the J183-conferred senescence, JA sensitivity, and 
defense response (Xiao et al., 2004). The corresponding sequence from the J183 
mutation deviated from that of the wild type by a single nucleotide change (G238A), 
and the G238A point mutation abolished the splicing recognition sequence from 
TA/GG to TA/AG, resulting in an 18-nucleotide deletion, which was confirmed by 
sequence verification of the RT-PCR-amplified J183 mutant cDNA (Xiao et al., 2004). 
Sequence analysis reveals that the J183 gene encodes lumazine synthase (Xiao et al., 
2004), which was previously shown to functionally complement the bacterial lumazine 













Figure 44. Alignment of amino acid residues from J183 (COS1) and its 
homologous proteins. Black boxes represent identical residues. Seq1, Seq2, 
Seq3, Seq4, Seq5, and Seq6 represent amino acid residues from 
J183(NM_129967), Nicotiana  tabacum (AAD44809), Spinacia oleracea 




levels with lumazine synthases from bacteria (~53%), yeast (~57%), and other plants, 
including spinach (Spinacia oleracea) (~69%), tobacco (~72%), and rice (68%) 
(Figure 44; Jordan et al., 1999; Persoon et al., 1999; Xiao et al., 2004).  
 
6.3 Discussion 
Genetics provides a powerful tool for establishing in vivo links between the signal and 
the hormone response because inferences can be made based solely on plant mutant 
phenotypes, and these functional relationships can be witnessed biochemically when 
combined with molecular analysis. The popularity of Arabidopsis for mutant screens 
involving hormones stems from its favorable genetics and the plant’s ability to grow 
on petri plates under sterile conditions allowing large-scale screening of individuals 
under defined growth conditions (McCourt, 1999). Identification of novel mutants 
plays a key role in dissection of the hormone signal transduction pathway. In this study 
Arabidopsis seeds which had been mutagenized by EMS, fast neutrons, 60Co, T-DNA 
insertions (knocked-out and activation tagged) or transposon insertions were screened 
first based on the selection phenotype of JA inhibition of root elongation. However, the 
identified JA insensitive mutants were all attributed to the coi1 or jar1 alleles. One 
explanation is that COI1 and JAR1 are key components with remarkable JA response 
characteristics in the JA signal pathway. It is possible that other components of the JA 
signal pathway are controlled by a single gene, and that mutation of this gene is lethal. 
Alternatively, a high degree of genetic and functional redundancy may exist and 
mutation of a single gene only yields a subtle change which was undetectable in the 
screening used here. It is challenging to identify these two kinds of mutants in the JA 
signal pathway.  
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Thus the screening strategy was modified and mutant screens were based on other 
phenotypes such as seedling hypersensitity or with to failure accumulation of 
anthocyanins in response to JA responses, and four classes of novel mutants were 
identified. Genetic analysis and TAIL-PCR revealed that the D1 mutant is defective in 
DFR which encodes an enzyme involved in flavonol biosynthesis pathway, and 
Northern blot analysis further showed that the expression of DFR was completely 
abolished in the coi1-1 mutant. This suggested that the expression of DFR is dependent 
on functional COI1, and implied a crosstalk between the JA signaling pathway and the 
flavonoid biosynthesis pathway. 
 
Flavonoids are secondary metabolites that are unique to higher plants, and fulfill 
numerous physiological functions during plant life (Koes et al., 1994; Shirley, 1996; 
Mol et al., 1998; Harborne et al., 2000). Arabidopsis contains three major classes of 
flavonoids: the anthocyanins (red to purple pigments), the flavonols (colorless to pale 
yellow pigments), and the proanthocyanidins (colorless pigments that turn to brown), 
which are also known as condensed tannins. Anthocyanins and flavonols are 
synthesized in vegetative parts, whereas flavonols and proanthocyanidins accumulate 
in seed (Chapple et al., 1994). The different flavonoid subpathways share common 
initial biosynthetic steps, including synthesis of naringenin chalcone by chalcone 
synthase (CHS), conversion of naringenin chalcone to naringenin by chalcone 
isomerase (CHI), and subsequent hydroxylations of naringenin by flavanone 3-
hydroxylase (F3H) and flavonoid 3’-hydroxylase (F3’H). Then, an NADPH-dependent 
dihydroflavonol reductase (DFR), encoded by the TT3 gene in Arabidopsis (Shirley et 
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al., 1992), leads to production of flavan-3,4-diols (leucoanthocyanidins), which are the 
final common intermediates in anthocyanin and proanthocyanidin biosynthesis. 
Leucoanthocyanidins are then converted to catechins (2,3-trans-2R,3S-flavan-3-ol) by 
an NADPH-dependent leucoanthocyanidin reductase (LAR) or converted to 
anthocyanidins by anthocynidin synthase (Tanner et al., 1993). Recently, the 
BANYULS (BAN) genes from Arabidopsis thaliana and Medicago truncatula were 
found to encode anthocyanidin reductase which functions to convert anthocyanidins to 
their corresponding 2,3-cis-flavan-3-ols (Xie et al., 2003). 2,3-trans-2R,3S-flavan-3-ol 
and 2,3-cis-2R,3R-flavan-3-ol are finally converted to condensed tannins (Xie et al., 
2003). Anthocyanidins are also able to convert to anthocyanins through three enzymes, 
glucosyltransferase, anthocyanin acyltransferase, and malonyltransferase (Springob et 
al., 2003). 
    
Several enzymes involved in the flavonoid biosynthetic pathway are induced by JAs. 
JA, MeJA, and SA induce elevated levels of PAL activity in younger leaves of 
Romaine lettuce (Lactuca sativa L. cv. Longifolia) (Campos-Vargas et al., 2002). 
Suspension cultures from the bean phenylalanine ammonia-lyase-beta-glucuronidase 
(PAL2-GUS) gene fusion were pretreated with SA, or JA, resulting in an enhanced 
induction of PAL2-GUS expression by UV irradiation (Levee et al., 2001). The JA 
precursor, OPDA was found to induce synthesis of the major flavonoid, apiin, in cell 
suspension cultures of Petroselinum crispum with an increase expression of the PAL, 
4CL, and CHS (Dittrich, et al., 1992). The 4CL genes from tobacco (Nicotiana 
tabacum) were found to be developmentally regulated and wound and MeJA inducible 
(Lee et al., 1996). Addition of MeJA to soybean suspension cultures (Glycine max [L.] 
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Merr.cv. Williams) increased mRNA levels from three wound-reponsive genes 
(chalcone synthase, vegetative storage protein, and proline rich cell wall protein) 
(Creelman et al., 1992). These data suggest a possible relationship between JAs and 
the flavonoid biosynthetic pathway. 
 
DFR, is strongly induced by treatment with MeJA or feeding forest tent caterpillar 
(Malacosoma disstria) and satin moth (Leucoma salicis) larvae (Peters et al., 2002). 
The biochemistry of DFR has been investigated using the 41 kD purified protein from 
young flower buds of Dahlia variablis. DFR requires NADPH as a reducing cofactor 
and catalyzes the transfer of the pro-S hydrogen of NADPH to the re-face of the 4-keto 
group of dihydroflavonol (Fischer et al., 1988). cDNAs and/or genomic clones of DFR 
have been isolated and characterized from a number of plant species such as 
Antirrhinum majus, Arabidopsis thaliana, Zea mays, and Petunia hybrida (Forkmann 
et al., 1999). Petunia DFR especially is known to have a striking substrate specificity. 
Since it does not accept dihydrokaempferol, the pelargonidin-type anthocyanins cannot 
be produced in this plant. This is the reason for absence of orange-colored flowers in 
petunia. Recently, the critical region for the substrate specificity was determined in the 
DFR protein using chimeric DFR from Petunia and Gerbera (Johnson et al., 2001). By 
changing a single amino acid, the substrate specificity of Gerbera DFR was 
successfully altered to preferentially accept dihydrokaempferol as a substrate (Martens 
et al., 2002; Peters et al., 2002). 
 
In the present study, DFR was found to be dependent on the functional COI1, 
revealing a crosstalk between JA and the flavonoid biosynthesis pathway. It is possible 
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that a signal such as wounding initiates the flavonoid biosynthesis pathway, resulting 
in an enhanced synthesis of key enzymes such as PAL, 4CL, CHS, and DFR in the 
pathway. In addition, wounding also induces JA synthesis (Lee et al., 2003), and the 
secondary signal of JA further enlarges the synthesis ability of these key enzymes. 
DFR, the enzyme which controls the final common intermediates in anthocyanin and 
proanthocyanidin biosynthesis, could play a key role between the JA signaling 
pathway and the flavonoid biosynthesis pathway. The expression of DFR is dependent 
on a functional COI1. Moreover, DFR is constitutively expressed in male flowers but 
not in female flowers, which is consistent with COI1 functioning in the control of male 
fertility (Peters et al., 2002; Feys et al., 1994; Xie et al., 1998).  
 
COI1 is the key component of the JA signaling pathway. A separate genetic approach 
to dissect the JA signaling pathway has been to screen coi1-2 suppressor mutants in 
Arabidopsis. Four lines, J28, J43, J136, and J183, were isolated which are suggested 
to be coi1-2 suppressors. Genetic analysis revealed that these lines are recessive and 
each controlled by a single gene, and preliminary genetic mapping results showed that 
J43 is located in a region ~240 Kb region on chromosome 5, while J136 and J183 
were both mapped on chromosome 2. Further analysis of the J183 line showed J183 is 
essential for regulation of JA-mediated plant defense and senescence. It should be 
noted that J136 is required for suppression of the COI1-mediated root growth, male 
fertility, and accumulation of anthocyanins, while J183 is required for suppression of 
the COI1-mediated root growth, senescence, and plant defence. These data further 
support the idea that COI1 is a multifunctional protein involved in plant development 
and pathogen defense. 
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The J183 gene was cloned through a map-based approach and found to encode 
lumazine synthase, a key component in the riboflavin pathway (Xiao et al., 2004). 
Lumazine synthase catalyzes the penultimate step in biosynthesis of riboflavin 
(vitamin B2) in plants, fungi, and microorganisms (Persson et al., 1999). Riboflavin is 
essential for diverse yet critical cellular processes such as a precursor of coenzymes 
riboflavin monophosphate and flavin adenine dinucleotide. The riboflavin pathway-
derived flavocoenzymes were found to function as indispensable redox cofactors in all 
cells and also serve a variety of other roles, including DNA photorepair, light sensing, 
and bioluminescence (Ahmad et al., 1998; Aubert et al., 2000; Briggs et al., 1999; 
Brigs et al., 2001; Christie et al., 1998; He et al., 2002; Salomon et al., 2001; Sancar, 
1994; Vande Berg et al., 1998). The evidence that J183 restores the defects in coi1-2 
demonstrates a novel function for the riboflavin pathway in JA signaling transduction, 
suggesting that the wild-type J183 represents the riboflavin pathway essential for 
suppression action exerted by unidentified negative regulators of JA responses. 
 
Because the riboflavin pathway is essential for diverse yet critical cellular processes, a 
complete abolishment of the riboflavin pathway would cause pleiotrophic phenotypes 
and probably affect the survival of plants. It is likely that J183 mutant identified in this 
study is a leaky allele and that the J183 mutant protein is partially functional. This 
notion is supported by the J183 mutant exhibited the spotted-leave phenotype and had 
lower chlorophyll content. In the J183 mutants, the 6-amino acid deletion in the J183 
mutant protein appears to attenuate the riboflavin pathway but not to completely 
disrupt this pathway. Therefore, the J183 mutation does not affect the plant survival 
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but suppresses the defects in the JA sensitivity, senescence, and plant defense 
responses in the coi1-2 mutant background via attenuation of the unidentified negative 
regulation(s) that require the riboflavin pathway to exert their suppression action.   
 
In summary, four classes of novel mutants related to JA responses and four lines as 
coi1-2 suppressor candidates were identified in this genetic screen. Further 
characterization of these mutants, isolation of their corresponding genes, and studying 
their functions could provide the checkpoints to dissect the JA signaling pathway. For 
example, the mutant D1 defective in DFR provides a platform from which to 
investigate the molecular mechanism of the crosstalk between the flavonoid 
biosynthesis pathway and the JA signaling pathway; J183 is required for suppression 
of the COI1-mediated root growth, senescence, and plant defence, linking the JA 
signaling pathway to the riboflavin pathway; the identification of the suppressor 
candidate J136 may help to dissect the function of COI1-mediated male fertility. 
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 Chapter 7 
Rice ESTs with disease-resistance gene- or defense-response gene-like 
  sequences mapped to regions containing major resistance genes or QTLs 
 
7.1 Introduction 
The plant disease resistance pathway consists of two major classes of genes: those 
involved in events associated with the recognition of, and interaction with, elicitor 
molecules from pathogens, and those involved in defense responses. In recent years, 
the successful cloning of more than 20 disease resistance genes in plants has 
dramatically advanced our understanding of the molecular basis of disease resistance. 
Sequence analysis of the predicted proteins reveals that resistance genes of diverse 
origin and with different pathogen specificity share similar structural motifs, indicating 
that a common surveillance strategy has been adopted by plant species to detect 
invading pathogens. Based on the similarity in predicted protein structures, cloned 
resistance genes can be grouped into four main classes: genes encoding 
serine/threonine kinases, genes coding for proteins with a nucleotide binding site (NBS) 
and LRR, genes whose products only contain the LRR domain, and genes encoding 
receptor-like protein kinases (Staskawicz et al., 1995; Baker et al., 1997; Dangl and 
Jones, 1998). The structural similarity between different resistance genes leads us to 
speculate that a few common resistance pathways exist in plants.  
 
The successful cloning of plant disease resistance genes provides the starting point for 
dissecting the resistance pathways in plants. Both genetic and biochemical approaches 
have been used to identify and clone genes involved in the signal transduction 
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pathways and defense responses. Genetic dissection of resistance pathways using 
mutant analysis has led to the identification of several important genes (Innes, 1998). 
For instance, two novel genes, NDR1 and EDS1, have been identified in Arabidopsis, 
which encode signal transduction components that are activated by the products of 
multiple resistance genes (Century et al., 1997; Falk et al., 1999). Using PTO as a bait 
in a two-hybrid screen of a tomato cDNA library, a protein kinase (PTI1) and three 
putative transcription factors (PTI4, 5, and 6) have been found to interact specifically 
with the product of the Pto gene (Zhou et al., 1995 and 1997). Researchers have also 
identified many genes that are involved in resistance responses by assessing the 
biochemical and physiological changes that occur during disease development and 
progression. Genes that demonstrate enhanced or repressed expression during infection 
may be involved in the host defense mechanism. Many gene products (e.g., protein 
kinase, phosphatase, MAP kinases, chitinase, phospholipase, chalcone synthase, 
glucanase, phenylalanine ammonia-lyase, and peroxidase) are reported to be induced 
during host responses to pathogens in a variety of plant species (Hammond-Kosack et 
al., 1996). Overexpression of some defense genes results in enhanced resistance (Zhu 
et al., 1994), indicating that the products of these genes may be involved in the 
biosynthesis of defense compounds and/or participate in one or more signal 
transduction pathways leading to effective host defense. 
 
Most of the plant disease resistance genes and genes involved in signal transduction 
pathways discussed above have been cloned using a map-based cloning strategy. This 
approach can be prohibitively expensive and very labor-intensive, because the method 
requires identification of linked markers, high-resolution mapping, and construction of 
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large-insert libraries, library screening with linked markers, and a search for the gene 
of interest using complementation tests. A recent trend in map-based cloning in the 
human and mouse genomes is to use both positional information and functional 
sequence tags such as cDNAs (Ballabio, 1993). This strategy, termed the “candidate 
gene” approach, has been used successfully to identify genes in the human and mouse 
genomes without the enormous effort associated with conventional positional cloning. 
For example, of a sample of 42 genes identified in the mouse genome, 31 (74%) were 
cloned by the candidate-gene approach, compared with 4 (10%) by positional cloning, 
5 (12%) by transposon tagging, and 2 (5%) by other means (Copeland et al., 1993). 
The application of this strategy to plant species has been limited by the lack of 
expressed sequence tags (ESTs) in the available databases. As more and more plant 
ESTs are made available in databases, the candidate-gene approach has emerged as a 
promising method for identifying genes for monogenic characters and quantitative trait 
loci (QTLs) in plants. Thus, Byrne et al (1996) linked candidate genes involved in the 
flavone synthesis pathway of maize with the host defense response phenotype 
associated with QTL resistance to the corn earworm. The pl locus, together with three 
other candidate genes, explained the majority (75.9%) of phenotypic variation in insect 
resistance. Faris et al (1999) reported that several candidate genes, including oxalate 
oxidase, peroxidase, superoxidase, chitinase, and thaumatin, mapped to the previously 
identified resistance QTLs, which explains the large phenotypic variation in resistance. 
Using primer pairs based on conserved regions in cloned resistance genes, sequences 
similar to those of known disease resistance genes have been amplified and mapped in 
several plant species (Pflieger et al., 1999; Geffroy et al., 2000; Pan et al., 2000). Some 
of these sequences were mapped to regions containing known resistance genes or 
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resistance QTLs. These reports demonstrate the effectiveness of the candidate 
approach for gene identification in plant species. 
 
About 800 ESTs showing a significant similarity to cloned disease resistance genes (R-
ESTs) and defense response genes (D-ESTs) were identified in the DuPont rice EST 
database (G. Miao et al., unpublished data). It is most likely that some of the R-ESTs  
represent disease resistance genes and some of the D-ESTs are QTLs for resistance to 
rice pathogens. This hypothesis could be tested now because of the availability of a 
high-density molecular linkage map in rice (Causse et al., 1994) and the fact that the 
positions of many resistance genes and QTLs in rice genome are known (Yu et al., 
1991; Wang et al., 1994; McCouch et al., 1994). Based on their high degree of 
homology with known resistance and defense genes, 162 rice R-ESTs and D-ESTs 
were selected from the DuPont rice database and the map location of 109 ESTs was 
determined using a doubled hyploid mapping population. 
 
7.2 Results 
7.2.1 Distribution of ESTs in the rice genome 
Of the 162 EST clones used in the study, 13 R-ESTs encode putative receptor kinase, 
NBS/LRR, and LRR proteins. Most of the ESTs belong to the D-EST class, which 
contains domains similar to those involved in defense responses to pathogen invasion. 
These ESTs show high homology with known protein kinases, protein transporters, 




To map these ESTs on the rice molecular linkage map generated from a DH mapping 
population (Huang et al., 1994), the genomic DNA of IR64 and Azucena was first 
digested with each of eight restriction enzymes (BamHI, BglII, DraI, EcoRI, EcoRV, 
HindIII, PstI, and XbaI). One hundred and four ESTs such as 2H5 in Figure 45 
detected polymorphisms between the two parents in at least one of the digests. To map 
as many ESTs as possible, the genomic DNA of the two parents was digested with 10 
additional restriction enzymes (ClaI, HpnI, KpnI, NsiI, PvuII, SacI, SacII, SalI, SmaI, 
and XhoI). Five ESTs showed polymorphism in the second parental survey. Of the 162 
ESTs used in the parental survey, 109 ESTs (Table 6) showed a distinguishable 
polymorphism for at least one of the 18 enzymes tested, 30 showed monomorphism, 
and 13 were repetitive in the rice genome. 
 
The 109 ESTs that detected polymorphism between the two parents were mapped to 
the rice linkage map using 111 DH lines (Figure 46, Table 6). The chromosomal 
location of these ESTs was determined using the Mapmarker 3.0 software. 
Chromosomes 1 and 3 had the most ESTs (13 ESTs on each chromosome); 
chromosome 8 had the least (2 ESTs only) (Figure 47). EST clusters in the genome 
were found at several chromosomal locations. For instance, seven ESTs were clustered 
on the long arm of chromosome 1 within a 13.3-cM region, and six ESTs were 
clustered at the middle of chromosome 2 (Figure 47). Similar EST clusters (at least 
















Figure 45. Parental survey. The genomic DNA of two parents IR64 and Azucena was 
digested with each of eight restriction enzymes BamHI (Ba), BglII (Bg), DraI (D), 
EcoRI (EI), EcoRV (EV), HindIII (H), PstI (P), and XbaI (X) for Southern blot 
analysis. The detected polymorphism between the two parents was indicated by arrows 
when probed with EST 2H5. M represents the molecular marker Lambda DNA 








Figure 46. 1X10 was hybridized with 111 DH lines. Two parents IR64 and Azucena 
were detected with polymorphism and 111 doubled haploid (DH) lines were screened.  





Figure 47. Chromosomal location of 109 ESTs in the rice linkage map. Mapped 


















Figure 47 (continued).  
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 Table 6. Name and their putative function of 109 ESTs mapped in the rice genome 
EST Putative function EST Putative function 
1A2 
Yeast GAM1/SNF2 gene for a nuclear 
protein 2B8 
Strong similarity to Arabidopsis oligopeptide 
transporter 
1A5 Zinc transporter ZnT-2 2B12 Monodehydroascorbate reductase (NADH) 
1A6 ABC transporter 2C1 Glucanase homolog 
1A10 Hydroxymethylglutary-CoA synthase 2C3 Cytokinin induced message 
1A11 Auxin-resistance protein axr1 2C9 Auxin inducible protein, IAA13 
1A12 Hexose carrier protein hex6 2D5 AMP-activated protein kinase homolog, SNF1
1B3 Receptor-like protein kinase 5 precursor 2D7 Protein kinase Xa21 
1B4 
Rice mRNA for adenine nucleotide 
translocator 2D8 Small Ras-like GTP-binding protein 
1B5 Histone H1, drought-inducible 2D9 Disease resistance protein RPM1 
1B10 
Peptide transporter PTR2-B (Histidine 
transporting protein) 2D12
Contains similarity to Rattus AMP-activated 
protein kinase 
1C1 
AMP-activated protein kinase homolog, 
SNF1 2X5 Putative protein tyrosine phosphatase 
1C3 
Mitogen activated and osmosensing 
protein kinase Hog1 2X6 
Contains similarity to Rattus AMP-activated 
protein kinase 
1C8 Protein kinase cdc7 2X7 
Chloroplast drought-induced stress protein of 
32 kD 
1C9 
Vacuolar ATPase B subunit (Hordeum 
vulgare) 2X8 Cyclic nucleotide gated channel 
1C10 Vacuolar ATP synthase subunit F 2X9 Membrane transporter D1 isolog 
1D2 





Disease resistance protein kinase Pto-
tomato 2F2 G protein related sequence 
1D4 Multidrug resistance protein 2F6 
Lycopersicon esculentum Pto kinase 
interactor 1(Pti1) 
1D6 Serine/Threonine protein phosphatase PP1 2F7 1-Aminocyclopropane-1-carboxylate oxidase 
1D8 Putative sugar transporter 2F9 
Strong similarity to protein phosphatase 2A 
regulatory chain, 74K 
1D9 Putative sugar transporter 2F12 Chalcone synthase 
1D12 
Serine/Threonine protein phosphatase 
 PP-X isozyme 1 2G4 Stromal ascorbate peroxidase 
1X3 Raf protein kinase homolog CTR1 2G7 Mitogen-activated protein kinase homolog 2 
1X4 Alcohol dehydrogenase homolog 2G8 Regulatory protein NPR1 
1X6 Protein phosphatase 2A 2G11 Regulatory protein NPR1 
1X7 
ARF1-binding protein (Arabidopsis 
thaliana) 2H2 
Thaumatin-like protein pathogenesis-related 
protein 
1X9 Mitgen-activated protein kinase 2H3 ACC synthase 
1X10 Ca2+-ATPase (Arabidopsis thaliana) 2H5 
Putative membrane channel protein root 
specific 
1F1 Receptor kinase-related protein 2H7 Protein phosphatase 
1F2 Probable ATP-dependent transporter 2H9 Barley Mlo protein isolog 
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1F5 ATP:citrate lyase 2H10 cdc2 kinase 
1F6 
Possible global transcription activator 
SNF2L 2H11 High affinity potassium transporter 
1F7 WS176 protein induced by water stress 3A2 Chitinase 
1F9 Pathogenesis-related protein 3A4 
Protein phosphatase 2A 55kD regulatory 
subunit (B subunit) 
1F10 Chalcone reductase 3B4 AMP-activated protein kinase homolog, SNF1
1F11 
Phenylalanine ammonia-lyase (Hordeum 
vulgare) 3C1 Protein phosphatase T 
1G1 Putative tumor suppresser (Oryza sativa) 3C5 
Mitogen-activated protein kinase homolog 
NTF3 (P43) 
1G2 Chalcone synthase 3D2 LRR protein 
1G3 LRR protein 3D4 (U65956) GF14-b protein 
1G5 Serine/Threonine kinase homolog PRO25 3X1 Protein kinase APK1B 
1G6 Chalcone-flavanone isomerase 3X2 AMP-activated protein kinase homolog, SNF1
1G7 
(Z73265) Receptor-like protein kinase  
(Catharanthus roseus) 3X4 ARF1-binding protein (Arabidopsis thaliana)
1G11 Similar to the membrane protein RD28 3X5 Phenylalanine ammonia-lyase 
1H4 
Isoflavone reductase homolog, sulfur 
starvation induced 3F1 LRR protein 
1H6 Protein kinase-rice, gi450300 (L27821) 3F2 Copper transporter protein 
1H7 Protein phosphatase 2C isolog 3F3 
Probable Serine/Theronine-protein kinase 
NAK 
1H9 Auxin response transcription factor 3F4 Pathogenesis-related protein 
2A5 Abscisic stress ripening protein 3 3F5 Phenylalanine ammonia-lyase 
2A9 LRR protein 3G1 Receptor kinase-related protein 
2A10 cdc48 3G2 Regulatory protein NPR1 
2A11 Crinkly4 precursor 3G4 Disease resistance protein RPM1 
2A12 
Glycogen synthase kinase-3 homolog 
MSK-1 3H1 MEK1 (Arabidopsis thaliana) 
2B1 (D38124) EREBP-3 3H2 Osmotin-like, antifungal protein homologue 




7.2.2 Nine ESTs mapped to regions containing genetically defined resistance loci 
So far, about 15 genes for resistance to rice blast and bacterial blight have been 
mapped onto the molecular linkage map of rice (Causse et al., 1994; McCouch et al., 
1994). In this study, nine ESTs were mapped to the regions containing three 
genetically defined resistance loci (Figure 47); four of them were located in the region 
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on chromosome 6 that contains two blast resistance genes (Pi2 and Pi9). One of the 
four ESTs (1H6) is derived from a gene for a putative protein kinase, which is similar 
to the tomato resistance gene Pto (Martin et al., 1993). Other four ESTs mapped close 
to the blast resistance gene Pia. Two of the ESTs (2D9 and 3G4) encode the NBS/LRR 
motif and are highly homologous to the Arabidopsis resistance gene RPM1 (Grant et 
al., 1995). A 30-cM cluster of disease resistance genes is present on the short arm of 
chromosome 11, which contains Xa3, Xa4, Xa21, Pi1, and Pi7 (Ronald, 1997). An 
EST for a receptor-like kinase (2D7), which shows 50% sequence identity to the 
cloned Xa21, was mapped within this region. 
 
7.2.3 Mapping of ESTs to QTL regions for partial resistance to rice blast, 
bacterial blight, and sheath blight 
QTLs for resistance to blast fungus, bacterial blight, and sheath blight have been 
mapped on the rice molecular linkage map in several studies (Wang et al., 1994; Li et 
al., 1995 and 1999). In this study, three EST clusters were mapped to the QTL regions 
on chromosome 1, 2, and 3 (Figure 47). The QTL region on chromosome 1 is 
associated with partial resistance to rice blast (Wang et al., 1994). The seven ESTs that 
mapped to this region are tightly linked within a 13.8-cM interval. Three of these ESTs 
(3G2, 2G11, and 2G8) show high homology to the Arabidopsis gene NPR1, which 
controls the onset of SAR (Cao et al., 1997). The other two ESTs, 3F1 and 3G1, 
encode LRR and receptor-like kinase domains, respectively. Six ESTs mapped in the 
region on chromosome 2 where a QTL for partial resistance to sheath blight is located 
(Li et al., 1995). These six ESTs encode phenylalanine ammonia-lyase (3F5 and 3X5), 
Pto-like protein kinase (3D5), stromal ascorbate peroxidase (2G4), PR protein (3F4), 
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and thaumatin-like protein (2H2). Another interesting region lies between the RFLP 
markers RG104 and RG409 on chromosome 3, where QTLs for partial resistance to 
rice blast (Wang et al.,1994), sheath blight (Li et al., 1995) and bacterial blight (Li et 
al., 1999) are located (Figure 47). Five ESTs, two of which (1G5 and 3F3) specify 
serine/threonine kinase protein homologs, were mapped to this region. Because of the 
limited mapping resolution in previous studies, the positions of these identified QTLs 
could not be accurately determined. Further detailed genetic analysis is needed to 
determine whether the ESTs in these regions represent candidate genes for these QTLs. 
 
7.2.4 Expression of three selected ESTs after inoculation with blast fungus 
The expression pattern in rice leaves infected with pathogens is one of the indication of 
a gene’s involvement in the resistance response. To determine if any of the ESTs that 
mapped in the vicinity of defined resistance gene loci is involved in the defense 
response to rice blast, Northern analysis was conducted using three ESTs (1H6, 2H5, 
and 1G1) as probes. 1H6 (receptor-like kinase) and 2H5 (putative membrane channel 
protein) were chosen because they mapped at the locus of the resistance gene Pi2 on 
chromosome 6. 1G1 was chosen because it is located near the resistance gene Pia on 
chromosome 11. The receptor-like kinase 1H6 was induced as early as 4 hours after 
blast infection and returned to normal levels 48 hours after inoculation (Figure 48A). 
There was no difference in the expression levels between the resistant and susceptible 
plants. The putative membrane channel protein 2H5 was also induced by blast 
infection, but a slight difference in the expression pattern was observed between the 
resistant and susceptible plants (Figure 48B, upper band). In C101A51, 2H5 was 











Figure 48. Northern blot analysis of three ESTs (1H6, 2H5, and 1G1) in C101A51 
and CO39 after inoculation with blast isolate PO6-6. About 20 µg of total RNA was 
loaded to each lane. 28S rRNA was provided as the loading control. 
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the basal level and increased again to a high level at 48 hours after inoculation. 
However, the peak expression of 2H5 in the susceptible cultivar CO39 was between 8 
and 24 hours after inoculation and the RNA returned to a basal level 48 hours after 
inoculation. On the other hand, the expression of the putative tumor suppressor 1G1 
was suppressed in both the resistant and the susceptible plants after blast inoculation 
(Figure 48C). The extent of suppression in the resistant cultivar was relatively higher 
than that in the susceptible cultivar. These results indicate that some of the ESTs that 
mapped to regions that harbor known resistance genes are indeed involved in the 
defense responses to blast infection in rice. Whether these ESTs are candidates for the 
rice homologs of Pi2 or Pia is the subject of further detailed genetic analysis. 
 
7.3 Discussion 
The large number of ESTs currently available in public databases has changed our 
strategies for gene isolation and characterization. Novel genes may be found in a 
database based on sequence similarity with known genes. In Arabidopsis, ESTs 
presumably involved in different biological processes are being discovered at a rapid 
rate. Botella et al (1997) have identified 94 resistance gene-like ESTs and four Pto-like 
sequences in the Arabidopsis database. A total of 47 loci have been identified and 
mapped, and several ESTs were mapped to chromosomal regions containing 
genetically defined disease resistance genes. It will be possible to shift from the use of 
random markers to candidate genes in gene tagging and QTL mapping in the near 
future, since similar collections of ESTs from several crop plants are available in 
public databases. In this study, 109 ESTs with high similarity to disease resistance and 
defense response genes were mapped in the rice genome. Nine ESTs were mapped to 
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two genetically defined resistance gene loci and three EST clusters were mapped to 
resistance-conferring QTL regions. It is likely that some of the ESTs are represent 
disease resistance genes or QTLs. Thus, the information generated in this study will be 
useful in cloning additional resistance genes in rice. If an EST is confirmed to be 
tightly linked to a known resistance gene or a QTL, it will be used as a starting point 
for map-based cloning of the gene. 
 
Clusters of disease resistance genes and defense-related genes have been reported in 
several plant species. For example, the 27 disease resistance loci and 26 RPP 
resistance specificities identified in Arabidopsis tend to occur in clusters (Botella et al., 
1997). Clustering of defense response genes has also been recently reported in wheat. 
Faris et al (1999) found that five defense response genes were clustered on the wheat 
chromosome 7BL. These five defense genes encode catalase, thaumatin, and chitinase 
(Faris et al., 1999). In this study, seven EST clusters (at least four ESTs within a 
stretch of 15 cM) were located on different chromosomes. Within each cluster, some 
ESTs belong to the same gene family and others represent different defense response 
genes. As the genomic sequences of these regions become available, it will become 
possible to answer the question whether functionally related genes tend to be located in 
the same region in the rice genome. 
 
Some of these clusters lie in regions containing genetically defined resistance genes 
and QTLs for resistance to rice blast, sheath blight, and bacterial blight. The Pi2 gene 
was mapped to rice chromosome 6 and is closely linked to the RFLP marker RG64 
(Yu et al., 1991). In this study, four ESTs mapped in the Pi2 region, which encode a 
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receptor-like kinase, a putative membrane channel protein, a putative oligopeptide 
transporter, and cyclic nucleotide gated-channel protein, respectively. Similarly, four 
ESTs encoding a putative tumor suppressor, two RPM1 homologs, and a MEK1 
homolog were mapped near the Pia gene on chromosome 11. Detailed genetic studies 
are required to confirm whether these ESTs are tightly linked to the two genes since 
the genetic distance estimated in the DH population may be different from that in the 
DH population segregating these two genes. It is interesting to note that an EST cluster 
(in a 13.8-cM interval) was mapped to the region containing QTLs for partial 
resistance to rice blast on the long arm of chromosome 1 (Wang et al., 1994). Three of 
its members are NPR1 homologs (3G2, 2G11, and 2G8). Recently, Ronald et al 
(personal communication) found that overexpression of the Arabidopsis NPR1 gene, a 
key regulator of SA-mediated SAR, enhances resistance to bacterial blight in rice. To 
determine the relationship of the three NPR1 homologs to the blast resistance QTLs, 
fine-scale mapping and detailed functional analysis of these genes should be conducted. 
 
Partial resistance is quantitative, presumably non-race specific, and is commonly 
considered to contribute to durable resistance of many crop cultivars. This type of 
resistance is controlled by polygenes, often referred to as QTLs. Using molecular 
markers, Wang et al (1994) and Li et al (1995 and 1999) located QTLs for blast 
resistance, for sheath blight, and for bacterial blight, respectively, on the rice molecular 
linkage map. No resistance QTLs have been cloned so far in plants because of the 
difficulties in genetic analysis of their small and quantitative effects. Using the 
candidate-gene approach, Faris et al (1999) mapped several defense genes within 
previously identified resistance QTLs. These QTLs explain the large phenotypic 
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variation in resistance to several wheat diseases. In this study, three EST clusters were 
mapped to three QTL regions for partial resistance to blast, bacterial blight, and sheath 
blight. The QTL region on chromosome 3 is responsible for resistance to all three 
diseases. It will be of great interest to discover the extent of correlation between 
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